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Senior Scientist 

Department of Immunology 19 Basinside Way 

Genentech Inc. - - Alameda, California 94502 

1 DNA Way. 

South San Francisco, California 94080-4990 

Work Telephone : (650)225-2783 FAX: (650) 225-8221 

Home Telephone : (510)522-5411 

Education : 

1978 - 1980 Postdoctoral Fellow in Immunology, Research Institute of Scripps Clinic, 

Scripps Clinic and Research Foundation, La Jolla, California 

1975 - 1978 Postdoctoral Fellow in Immunology, University of California at 

San Francisco, San Franciso, California 

1970 - 1975 Ph.D. in Microbiology, University of California at 

Davis, California 

1966 - 1970 B.A. in Biology/Microbiology, San Francisco State 

University, San Francisco, California 

Professional Positions : 

Currently: Senior Scientist, Department of Immunology/Discovery Research, Genentech, Inc., South San 
Francisco, California 

8/00-8/01 Acting Director, Department of Immunology, Genentech, Inc. South San Francisco, California 

10/89 Senior Scientist in the Department of Immunology/Discovery Research, Genentech, Inc. 
South San Francisco, California 

3/89 - 10/89 Senior Scientist and Immunobiology Group Leader, Department of Pharmacological 
Sciences, Immunobiology Section/Medical Research and Development, Genentech, Inc., S. San Francisco, 
California 

9/87 - 3/89 Scientist, Department of Pharmacological Sciences, Immunopharmacology Section/Medical 
Research and Development, Genentech, Inc., S. San Francisco, California 

1/82 - 9/87 Assistant Member (eq. Assistant Professor level), Department of Basic and Clinical Research, 
Division of Clinical Immunology, Scripps Clinic and Research Foundation, La Jolla, California 

6/80 - 12/81 Scientific Associate in the Department of Clinical Research, Division of Clinical 
Immunology, Scripps Clinic and Research Foundation, La Jolla, California 

7/78 - 6/80 Postdoctoral training in the laboratory of Dr. J. H, Vaughan, Chairman, Department of Clinical 
Research, Division of Clinical Immunology, Scripps Clinic and Research Foundation, La Jolla, California 

2/75- 6/78 Postdoctoral training in the laboratory of Dr. J. W. Goodman, Department of Microbiology 
and Immunology, School of Medicine, University of California, San Francisco, California 
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7/71 - 12/74 Research Assistant and Graduate Student, Department of Medical Microbiology, School of 
Medicine, University of California, Davis, California, under Dr. E. Benjamini 

Awards : 

Recipient: National Institutes of Health Postdoctoral Fellowship Award (1975). 

Recipient: Special Research Award, (New Investigator Award), National Institute of Health (1980). 

Recipient: P.L, Research Grant Award, National Institute of Health (1 984). 

Recipient: Research Career Development Award (R0 1 ), National Institutes of Health ( 1 985). 

Recipient: P.L, Multi-Purpose Arthritis Center Resarch Grant, NIH (1985) 

Recipient: P.L, Resarch Grant Award, (R0 1 Renewal), National Institute of Health ( 1 987). 

Scientific Associations : 

Sigma Xi, University of California, Davis, California Chapter 
Member, The American Association of Immunologists 
Committee Service and Professional Activities : 

Member of the Immunological Sciences Study Section, National Institutes of Health Research Grant 
Review Commitee, (1988-1992). 

Advisory Committee, Scientific Review Committee for Veteran's Administration High Priority Program on 
Aging, 1983. 

Ad Hoc member of Immunological Sciences Study Section, National Institutes of Health, 1988. 

Ad Hoc Reviewer: Journal of Clinical Investigations, Journal of Immunology, Arthritis and Rheumatism, 
International Immunology, Molecular Cell Biology, and Gastroenterology 



Biotechnology Experience 

Established at Genentech in 1987-1989 within the Immunobiology Laboratory, in the Department of 
Pharmcological Sciences, group to study the immunogenicity of recombinant hGH (Protropin®) in hGH 
transgenic mice. 

Served as Immunologist on the Biochemical Subteam for Protropin® Project team. 

Served as Immunologist on the Met-less hGH and Dnase project teams, two FDA approved biological 
drugs: second generation hGH Nutropin® and Pulmozyme® (DNase). 

Served immunologist in 1989- 1990 on the CD4-IgG project team carrying out in vitro 
immunopharmacological studies of the effects of CD4-IgG on the in vitro human immune responses to 
mitogens and antigens and on neutrophil responses in support of the filing of IND to FDA in 1990 for use 
of CD4-IgG in the prevention of HIV infection. Product was dropped. 

In 1989-1991, initiated and carried research and development work on antibodies to CD1 lb and CD 18 
chains of the leukocyte P2 integrins. Provided preclinical scientific data to Anti-CD 18 project team 



supporting the advancement of humanized anti-CD 1 8 antibody as anti-inflammatory in the acute setting. 
IND filed in 1996 and currently under clinical evaluation. 



1993*1 997, -Research Project Team leader for small molecule a4p I integrin antagonist project. Leader 
for collaborative multidisciplinary team (N=l 1) composed of immunologists, molecular/cell biologists, 
protein engineers, pathologists, medicinal chemists, pharmacologists, pharmaceutical chemists, and clinical 
scientists targeting immune-mediated chronic inflammatory diseases. Responsible for research project 
plans and execution of strategy to identify lead molecules, assessment of biological activities, preclinical 
evaluation in experimental animals, and identification of potential clinical targets. Responsible for 
identification, hiring, and working with outside scientific consultants for project. Helped established and 
responsible for maintaining current research collaboration with Roche-Nutley. Project transfered to Roche- 
Nutley. 

1998-present, worked with Business Development to identify and create joint development opportunity 
with LeukoSite (currently Millennium) for monoclonal antibody against a4p7 intergin (LDP-02) for 
therapeutic treatment for inflammatory bowel disease (UC and Crohn' ;s disease). Currently, working as 
scientific advisor to the core team for phase II clinical trials for LDP-02. 

Currently, Research Project Team Biology Leader (1996-present) for small molecule antagonists for 
a4p7/MAdCAM-l targeting the treatment of human inflammatory bowel diseases and diseases of the 
gastrointestinal tract. Responsible for leading collaborative team (N=12) from Departments of 
Immunology, Pathology, Analytical Technology, Antibody Technology, and Bio-Organic Chemistry to 
identify and evaluate lead drug candidates for the treatment of gastrointestinal inflammatory diseases. 

Served for nearly fifteen years as Ad Hoc reveiwer on Genentech Internal Research Review Committee, 
Product Development Review Committee, and Pharmacological Sciences Review Committee. 

Worked as Scientific advisor with staff of the Business Development Office on numerous occasions at 
Genentech, Inc. to evaluate the science of potential in-licensing of novel technologies and products. 

2000-2001 Served as Research Discovery representative on Genentech Therapeutic Area Teams 
(Immunology/Endocrine, Pulmonary/Respiratory Disease Task Force) 



Invited Symposium Lectures : 

Session Chairperson and speaker, American Aging Association 12th Annual National Meeting, San 
Francisco, California, 1982. 

Invited Lecturer, International Symposium, Mediators of Immune Regulation and Immunotherapy, 
University of Western Ontario, London, Ontario, Canada, 1985. 

Invited Lecturer, workshop on Human IgG Subclasses, Rheumatoid Factors, and Complement. American 
Association of Clinical Chemistry, San Francisco, California, 1987. 

Plenary Lecturer, First International Waaler Conference on Rheumatoid Factors, Bergen, Norway, 1987. 

Invited Lecturer, Course in Immunorheumatology at the Universite aux Marseilles, Marseilles, France, 
1988. 

Plenary Lecturer, 5th Mediterranean Congress of Rheumatology, Istanbul, Turkey, 1988. 

Invited Lecturer, Second Annual meeting of the Society of Chinese Bioscientist of America, University of 
California, Berkeley, California, 1988. 

Lecturer at the inaugural meeting of the Immunology by the Bay sponsored by The Bay Area Bioscience 
Center. The (52 Integrins in Acute Inflammation, July 14, 1992. 

Lecturer, "Research and Development » An Anatomy of a Biotechnology Company", University of 
California, Berkeley, Extension Course, given twice a year-March 9, 1995 to June 24, 1997. 

Lecturer, "The Drug Development Process - Biologic Research - Genomics", University of California, 
Berkeley Extension, April 21,1 999, October, 1999, April 2000, October, 2000. 

Lecturer, "The Drug Development Process - Future Trends/Impact of Pharmacogenomics", University of 
California Berkeley Extension, April 2001, October 2001, April 2002. 

Invited Speaker, "Targeting of Lymphocyte Integrin cx4p7 Attenuates Inflammatory Bowel Diseases", in 
Sympoium on ''Nutrient effects on Gene Expression" at the Institute of Food Technology Symposium, 
June,2002. 



Patents : 

Dennis A. Carson, Sherman Fong, Pojen P. Chen. 

U.S. Patent Number 5,068,177; Anti-idiotype Antibodies induced by Synthetic Polypeptides, Nov. 26, 1991 

Sherman Fong, Caroline A,-Hebert, Kyung Jin Kim and Steven R.-Leong. 
U.S. Patent Number 5,677,426: Anti-IL-8 Antibody Fragments, Oct. 14, 1997 

Claire M. Doerschuk, Sherman Fong, Caroline A. Hebert, Kyung Jin Kim, Steven R. Leong. U.S. Patent 
Number 5,686,070: Methods for Treating Bacterial Pneumonia, Nov. 11, 1997 

Claire M. Doerschuk, Sherman Fong, Caroline A. Hebert, Kyung Jin Kim, Steven R. Leong. U.S. Patent 
5,702,946: Anti-IL-8 Monoclonal Antibodies for the Treatment of Inflammatory Disorders, Dec. 30, 1997 

Sherman Fong, Caroline A. Hebert, Kyung Jin Kim, Steven R. Leong. 

U.S. Patent Number 5,707,622: Methods for Treating Ulcerative Colits, Jan. 13, 1998 

Sherman Fong, Napoleone Ferrara, Audrey Goddard, Paul Godowski, Austin Gurney, Kenneth Hillan, and 
Mickey Williams. U.S. Patent Number 6,074,873: Nucleic acids encoding NL-3, June 13, 2000 

Sherman Fong, Napoleone Ferrara, Audrey Goddard, Paul Godowski, Austin Gurney, Kenneth Hillan, and 
Mickey Williams. U.S. Patent Number 6,348,351 Bl: The Receptor Tyrosine Kinase Ligand Homologues 
February 19,2002 , 

Patent Applications : 

Sherman Fong, Kenneth Hillan, Toni Klassen 

U.S. Patent Application: "Diagnosis and Treatment of Hepatic Disorders" 

Sherman Fong, Audrey Goddard, Austin Gurney, Daniel Tumas, William Wood 

U.S. Patent Application: Compositions and Methods for the Treatment of Immune Related Diseases. 

Sherman Fong, Mary Gerritsen, Audrey Goddard, Austin Gumey, Kenneth Hillan, Mickey Williams, 
William Wood . U.S. Patent Application: Promotion or Inhibition of Cardiovasculogenesis and 
Angiogenesis 

Avi Ashkenazi, Sherman Fong, Audrey Goddard, Austin Gurney, Mary Napier, Daniel Tumas, William 
Wood. US Patent Application: Compounds, Compositions and Methods for the Treatment of Diseases 
Characterized by A33-Related Antigens 

Chen, Filvaroff, Fong, Goddard, Godowski, Grimaldi, Gurney, Hillan, Tumas, Vandlen, Van Lookeren, 
Watanabe, Williams, Wood, Yansura 

US Patent Application: IL-17 Homologous Polypeptides and Therapeutic Uses Thereof 

Ashkenazi, Botstein, Desnoyers, Eaton, Ferrara, Filvaroff, Fong, Gao, Gerber, Gerritsen, Goddard, 
Godowski, Grimaldi, Gurney, Hillan, Kljavin, Mather, Pan, Paoni, Roy, Stewart, Tumas, Williams, Wood 
US Patent Application: Secreted And Transmembrane Polypeptides And Nucleic Acids Encoding The 
Same 
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deficiency in seronegative rheumatoid arthritis. Arthritis Rheum 24:770-773, 1981. 
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Background, Interleukin-12 (IL-12) mediates its bio* 
logic activities via binding high-affinity receptors on T 
and natural killer cells. Although emphasis has been 
placed on the requirement for IL-12R/32 in IL-12 bio- 
activity, the role of IL-i2Rj31 is less well defined. The 
current study evaluated the effects of exogenous IL-12 
on alloantigen-specific immune responses and deter- 
mined the requirement for IL-12R01 in IL-12-mediated 
alloimmunity. 

Methods. The mouse heterotopic cardiac transplant 
model was employed to evaluate the effects of IL-12 on 
alloantigen-specific immune responses in vivo. In ad* 
d it ion, IFN-y production in mixed lymphocyte cul- 
tures (MLC) supplemented with IL-12 was measured to 
assess the effects of IL-12 on Thl function in vitro. 
Mice deficient in IL-12R/31 (IL-12Rpi~'~) were used to 
determine the requirement for this receptor compo- 
nent in IL-12-driven alloimmune responses. 

Results. Addition of IL-12 to MLC consisting of wild- 
type splenocytes enhanced alloantigen-specific prolif- 
erative responses and Thl development. In contrast, 
IL-12 did not alter these in vitro immune parameters 
in IL-12R/J1"'" MLC. Treatment of wild-type cardial 
allograft recipients with IL-12 resulted in high concen- 
trations of serum interferon*? (IFN-y) and a 10-fold 
increase in IFN-y production by recipient splenocytes 
after restimulation in vitro. However, this fulminate 
Thl response did not accelerate allograft rejection. 
Importantly, IL-12 had no effect on serum IFN-y or in 
vivo priming of Thl in IL-12R/31 - ' - recipients. Finally, 
administration of IL-12 to WT allograft recipients re- 
sulted in a bimodal alloantibody response: antibody 
production was suppressed at high doses of IL-12, and 
enhanced at lower doses. 

Conclusions, IL-12 markedly enhances alloantigen- 
specific immune function; however, these exaggerated 
Thl-driven responses do not culminate in accelerated 
allograft rejection* Further, these data indicate that 
IL-12R01 is essential for the enhancement of both in 
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vitro and in vivo alloimmune responses by exogenous 
IL-12. 

It is well established that interleukin-12 (IL-12*) is a crit- 
ical cytokine involved in the regulation of Thl- and Th2- 
mediated immune responses in several experimental models 
(reviewed in 1 and 2). IL-12 has direct stimulatory and in- 
hibitory effects on Thl and Th2, respectively (3-6). Further, 
this cytokine promotes Thl and inhibits Th2 development 
indirectly by inducing interferon-y (IFN-y) production by ac- 
tivated T cells and natural killer cells (7-12). Thl have been 
accepted as key regulators of allograft rejection, in that this 
cell type promotes both delayed-type hypersensitivity and 
cytotoxic T lymphocyte responses, which are believed to be 
the principle terminal effector mechanisms of acute allograft 
rejection (13, 14), An understanding of the role of IL-12 in 
graft rejection is just emerging. For example, IL-12 clearly 
augments alloreactive Thl development in vitro (25). How- 
ever, the presence of IL-12 is not mandatory for the develop- 
ment of acute cardiac allograft rejection (15, 16). Hence, an 
important question is whether enhanced Thl function alters 
the rejection response. Given the IL-12/Thl dogma, one 
would predict that IL*12 would augment alloreactive Thl 
function, resulting in accelerated allograft rejection. The 
present study therefore was designed to test the hypothesis 
that ILrl2-driven Thl responses would exacerbate cardiac 
allograft rejection. 

IL-12 mediates its biologic effects by interacting with a 
high-affinity receptor, which consists of at least two cloned 
components, IL-12R01 and 1L-12R02 (17-19). IL-12Rj31 in- 
teracts with the p40 subunit of IL*12, whereas the p36 sub- 
unit of IL-12 is believed to bind to IL-12RJ32 (19, 201 Em- 
phasis has been placed on the necessity for IL-12R02 in IL-12 
signaling (21, 22). However, by utilizing 1L-12R01 knockout 
mice UL-12R01"'"), Wu et aL (23) recently reported that the 
01 subunit of IL-12R is essential for IL-12-driven prolifera- 
tion and IFN-y production by mitogen-activated blasts, nat- 
ural killer cell lytic activity, and IFN-y production in re- 
sponse to endotoxin. We have reported that the p40 subunit 
of IL-12 stimulates alloreactive CD8+ Thl development both 
in vitro (24) and in vivo (15), These observations suggest that 

* Abbreviations: Con A, concanavalin A; E1ISA, enzyme-linked 
immunosorbent assay; GVHD, graft-versus-hoat disease; H&E, he- 
matoxylin and eosin; IFN-y interferon^ IL, interleukin IL- 
12R01 mice deficient in 01 subunit of Ilrl2 receptor; mAh, mono- 
clonal antibody; MLC, mixed lymphocyte culture; WT, wild- type. 
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may be needed for alloreactive Thl development, 
and that signaling through IL-12RJ31 may be sufficient to 
mediate ILrl2*s biologic activity on CD8+ T cells. Hence, the 
present study employed ILrl2Rj31~'~ mice to determine 
whether 01 subunit of IL-12R is required for IL-12-induced 
alloantigen-specific immune responses. To our knowledge, 
this study is the first to investigate the effects of IL-12 
treatment on alloreactive Thl development in vivo and to 
establish a mandatory role for IL-12R01 in IL-12-driven al- 
loimmune responses. 



MATERIALS AND METHODS 

Mice. Wild-type (WT) C57BL/6 and BALB/c mice between 6 and 
12 weeks of age were obtained from Charles River Laboratories 
(Raleigh, NG). Generation of C57BIV6 IL-12R/31"'- mice has been 
described previously (2$). These mice were generated on the 129/Sv 
background and back-crossed to C57BL/6 mice for five generations, 
then intercrossed to generate homozygous. 

Medium, The culture medium used in these studies was Dulbec- 
co's minimum essential medium supplemented with 1.6 mM t-glu- 
tamine, 0.27 mM uaeparagine, 1.4 mM Irarginine HCl, 14 mM folic 
acid, 10 inM HEPES buffer, 1.0 mM sodium pyruvate, 100 units/ml 
peniriUin/streptomycin, 2% fetal calf serum (all obtained from Life 
Technologies, Grand Island, NY), and 5xi0~ 5 M 2-mercaptoethanol 
(Sigma Chemical, St Louis, MO). 

Mitogen-driven cytokine production. To investigate the require- 
ment for the 01 subunit of IL-12R in mitogen-stimulated IL-10 and 
IFN^ production, splenocytes (2X10 6 cells/ml) isolated from naive 
WT or IL-12R01"'- C57BL/6 mice were incubated for 72 hr with 1 
pg/ml concanavalin A (Con A) (Sigma Chemical). Cultures were 
supplemented with 1 ng/ml murine recombinant IL-12 (rIL-12) 
(kindly provided by Dr. Maurice Gately, Hoffmann-La Roche Inc.) to 
assess the effect of exogenous IL-12 on Con A-stimulated cytokine 
production by splenocytes of WT and ILrl2R/3i-deficient mice. Re- 
sulting supernatants were harvested at 72 hr, and the concentra- 
tions of IL-10 and IFN-y measured by enzyme-linked immunosor- 
bent assay (ELISA). 

In vitro alloimmune responses. To assess alloantigen-specific Thl 
development, splenocytes (1 x 10 6 cells/ml) isolated from naive WT or 
II>12Ri31" / * C57BL/6 mice were incubated for 5 days with irradi- 
ated (5000 rads) BALB/c splenocytes (IX 10 6 cells/ml). Where indi- 
cated, 1 ng/ml of murine rIL-12 was added to primary mixed lym- 
phocyte cultures (MLC) to assess the effect of exogenous IL-12 on 
ailoantigen-driven Thl function and to evaluate whether Thl from 
IL-12R01-deficient mice were responsive to IL-12 stimulation. The 
concentration of rIL-12 was selected from dose-response experiments 
in which the amount of rIL-12 needed for maximal enhancement of 
alloantigen-specific proliferation was 5-10 ng/ml (data not shown). 
Resulting cell populations were harvested, washed three times, and 
restimulated (at 1X10® cells/ml) with irradiated BALB/c stimulator 
celLs (lx 10 6 cells/ml), MLC supernatants were collected after 24 hr 
(1L-4 and IL-10) or 72 hr (IFN-y), and cytokine concentrations mea- 
sured by ELISA. 

In addition, splenocyte proliferative response to alloantigens was 
determined in cultures either left unmodified or supplemented with 
1 ng/ml murine rIL-12. WT or IL*12R01~ / ~ C57BU6 splenocytes 
(1x10* cells/ml) were stimulated for 5 days with irradiated BALB/c 
splenocytes (1X10 6 cells/ml) in 96*well U-bottom plates (Becton 
Dickinson, Lincoln Park, NY) in a fxnal volume of 200 til (done in 
quadruplicate). Cultures were pulsed with 0.5 fxCi/well [methyl- 
3 Hlthymidine (ICN, Costa Mesa, CA) for the final 8 hr of the incu- 
bation period. [methyl- 3 H]Thymidine incorporation was assessed on 
a Wallac 1205 Betaplate scintillation counter (Waliac, Turku, Fin- 
land). 

Heterotopic cardiac transplantation. Intact BALB/c (H2 d ) hearts 
were anastomosed to the great vessels in the abdomens of WT or 



IL-12Rpr'- C57BI76 (H2 b ) mice as described by Corry e t al 
this model, the transplanted heart is perfused with the r • • * n 
blood and resumes contractions until acutely rejected, which Pl ° nl * 
in unmodified WT recipients of. this strain combination i^a ° CCUr * 
mately 8-9 days U5, 24). Graft function was evaluated b T*'" 
abdominal palpation. Myocyte damage and intensity of graft 'r* 
trating cells were assessed by routine hematoxylin and eosin m&p 
staining of paraffin-embedded sections of transplanted allograft 

Experimental groups. Cardiac allograR recipients were div d 
into four groups: (1) recipients injected intraperitoneally with 1 m f 
anti-CD8 monoclonal antibody (mAb) (hybridoma 2.43, purified b 
Montana ImmunoTech Inc., Bozeman, MT) on days ~2 and -i 
before transplantation, (2) animals given daily intraperitoneal in 
tions of murine rIL-12 (0.1 or 1.0 p#) on days 1-6 after transphT" 
tation, (3) recipients injected with a combination of 2.43 anti-CDfi 
mAb plus rIL-12, and (4) unmodified (no treatment) mice, which 
served as controls. Depletion of CD8+ cells «2%) was verified b 
flow cytometry using anti-CD8:fiuorescein isothiocyanate antibody 
(PharMingen), y 
In vivo alloimmune responses. To monitor in vivo Thl develop, 
ment, splenocytes (lxio 6 cells/ml) obtained from allograft recipient 
were restimulated with irradiated BALB/c stimulator cells (lxio* 
cells/ml), and the concentration of IFN-y was measured by ELISA 
As an additional measure of the in vivo activity of IL~12 on IFN-y 
production, sera IFN-y concentrations in WT and IL-12R/31"*'- car- 
diac allograft recipients were measured by ELISA. Further, to assess 
the effect of IL-12 treatment on B cell function, sera alloantibody 
(IgM t IgGl, and IgG2a) levels were determined (see below). 

Cytokine ELISA. Experimental samples (100 jud) were added in 
triplicate to plates coated with 5 p%/ml rat anti-mouse IFN-y, IL-4, or 
IL-10 capture antibodies (PharMingen). Standards were employed 
by preparing 2-fold dilutions of murine recombinant IFN-y, IL-4, and 
IL-10 (PharMingen), with a starting concentration of 25, 2.5, and 10 
ng/ml, respectively. After a 1-hr incubation at room temperature, 
plates were washed three times with 0.05% Tween 20 in PBS. One 
hundred microliters of rat anti-mouse secondary biotinylated anti- 
bodies (1 tig/m\) (PharMingen) was then added, and plates were 
incubated at room temperature for 45 min, Plates were then washed 
three times with 0.05% Tween 20 in PBS, and 100 ml of avidin- 
peroxidase (Sigma Chemicals) was added. After a 30-min incubation 
at room temperature, plates were washed three times with 0.05ft 
Tween 20 in PBS, and 100 ml of 2,2'-azino-bis(3-ethylbenfcthiafcoline- 
6-sulfonic acid) substrate (Sigma Chemical) was then added to each 
well, After 20 min, absorbance was determined at 405 hm by an EL 
800 microplate reader (Bio-Tek Instruments, Winooski, VT). Sample 
cytokine concentrations were calculated from a standard curve. The 
sensitivity of this assay is approximately 300 pg/ml for IFN-y, 100 
pg/ml for IL-4, and 150 pg/ml for IL-10. 

Sera alloantibody determination. P815 cells (H2 d ) were stained 
for flow cytometric analysis using dilutions of sera (1:50) obtained 
from cardiac allograft recipients as the primary antibody, followed by 
fluorescein isothiocyanate-conjugated isotype-specific anti-mouse 
IgM, IgGl, and IgG2a secondary antibodies (The Binding Site, San 
Diego, CA). Data are reported as the mean channel fluorescence 
determined on a Becton Dickinson FACScan, 

Statistics. Statistical analyses in this study were done using a 
Student's t test performed by the program StatView 4.1. 



RESULTS 

Requirement for IL-12Rfil in T Cell Responses in Vitro 

Enhancement of mitogen-driven IFN-y and IL-10 produc- 
tion by IL-12 requires IL-12Rpi. IL-12 stimulates concomi- 
tant production of IL-10 and IFN-y by activated T cells (75, 
2(9, 27), To determine whether 01 subunit of IL-12R is re- 
quired for production of these cytokines, C57BL/6 spleno- 
cytes isolated WT or IL-12R/31-defIcient mice were stimu- 
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lated with Con A for 72 hr, and supernatant cytokine 
concentrations were determined by ELISA. Production of the 
Thl cytokine IFN-y by Con A-stimulated splenocytes isolated 
from IL-12R01"'"" mice was readily detectable (Fig. 1A), al- 
though concentrations were lower than that seen in WT 
controls (IL-12R01-'-«l.O3 ng/ml vs. WT=5.24 ng/ml). Ad- 
dition of exogenous rIL-12 significantly enhanced IFN-y pro- 
duction by mitogen-stimulated splenocytes obtained from 
mice (15.79 ng/ml). In contrast, IFN-y production by 
splenocytes from IL-12R/J1~'~ mice was not altered after the 
addition of rIL-12 (1.54 ng/ml). 
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The requirement for IL-12R)31 in IL-12-driven IL-10 pro- 
duction also was assessed- Splenocytes isolated from IL- 
12RJ31 -deficient mice produced similar levels of IL-10 upon 
Con A stimulation when compared to WT cells (Fig. IB). 
rIL-12 enhanced Con A-stimulated IL-10 production by WT 
splenocytes (2.70 ng/ml vs. 5.65 ng/ml). However, the 01 
subunit of IL-12R was required for thiB response, as IL-12 did 
not affect IL-10 secretion by mitogen-stimulated IL- 
12Rj31~'~ splenocytes. 

In vitro alloreactive T helper cell development To evaluate 
the requirement for IL-12R/31 in IL-12-driven alloantigen- 
specific T cell development, naive splenocytes obtained from 
WT or IL-12RJ31"'" mice were incubated for 5 days with 
irradiated BALB/c splenocytes in primary MLC» which were 
either left unmodified or supplemented with rIL-12, Result- 
ing cell populations were restimulated with irradiated 
BALB/c splenocytes in the absence of rIL-12, and in vitro 
IFN-y, IL-4, and IL-10 production determined by ELISA 
(Table 1). Primed WT splenocytes secreted high levels of 
IFN-y upon restimulation with alloantigens. Splenocytes ob- 
tained from IL-12R)31" / " mice secreted IFN-y upon restimu- 
lation with alloantigens, albeit to a lesser degree than WT 
cells (WT=21.32 ng/ml vs. IL-12R01-'-~5.72 ng/ml). The 
decrease in alloantigen-stimuiated IFN-y production in IL- 
12R01-deficient mice was not associated with a decrease in 
the cells' ability to proliferate in response to alloantigens 
(Fig. 2), in that [methyl- a H]thymidine incorporation by al- 
loantigen-stimuiated ILrl2Rj3l -/ ~ splenocytes was similar to 
that seen by WT cells (IL-l^Rpl-^ 13,385 cpm vs. 
WT= 11,441 cpm). In both groups, IL-4, IL-10 (Table 1), and 
IL-5 (data not shown) were not detected in cultures that were 
not supplemented with exogenous rIL-12. 

As shown in Table 1, exogenous rIL-12 markedly enhanced 
IFN-y production by WT splenocytes in vitro (21.32 ng/ml vs. 
215.13 ng/rril), but failed to augment IFN-y secretion by cells 
obtained from IL-12R01" 7 " mice (5.72 ng/ml vs. 6.80 ng/ml). 
Likewise, rIL-12 significantly enhanced WT splenocyte pro- 
liferation in the MLC (Fig. 2), but did not alter the prolifer- 
ative ability of splenocytes isolated from IL-12R01-deficient 
mice. Finally, the addition of exogenous rIL-12 to cultures 



Table 1. IL-12 does not enhance aUoantigen-specific Thl 
development in IL-l2Rj31~ / ~ mice in vitro" 



Figure 1. Mitogen-driven cytokine production by splenocytes iso- 
lated from IL-12R/31-'" mice. Splenocytes (2x10* cells/ml) obtained 
from WT or IL-12R/31~'~ C57BU6 mice were stimulated in vitro with 
1 jig/ml Con A. Cultures were either left untreated or supplemented 
with murine rIL-12 CI ng/ml). Supernatants were collected after 72 
hr, and the concentrations of IFN-y (A) and IL-10 (B) were deter- 
mined by ELISA. Results are expressed as the mean cytokine con- 
centration in triplicate samples ± SD. Data are representative of 
three separate experiments. In panel A, *, P<0.Q5 (WT unmodified 
vs. IL-12R01"'- unmodified); ***, P<0.005 (WT unmodified vs. WT 
IL-12-treated). In panel B, *, P<0.05 (WT unmodified vs. WT IL-12- 
treated). 



Treatment 


. IFN-y 
(ng/ml) 


IL-4 
(ng/ml) 


IL-10 
(ng/ml) 


Unmodified 








WT 


21.32±0.88 


ND 


ND 


IL-12RP1-" 


5.72i0.24** 


ND 


ND 


IL-12 (1 ng/ml) 








WT 


215.13^13.52*** 


ND 


1.54±0.21 


" !L-12Rpr^ 


6.80^0.21 


ND 


ND 



J Splenocytes (1x10* cells/ml) obtained from WT or ILrl2R01 w "~ 
C57BIV6 mice were incubated for 5 days with irradiated allogeneic 
splenocytes (1x10 s cells/ml) in unmodified MLC or MLC supple- 
mented with murine rIL-12 (1 ng/ml). Resulting cell populations 
were harvested and restimulated with alloantigens for cytokine de- 
termination. Supernatants concentrations of IFN-y (72 hr), IL-4 (24 
hr) t and IL-10 (24 hr) were measured by ELISA. Results are ex- 
pressed as the cytokine concentration in triplicate samples (mean ± 
SD). Data are representative of four separate experiments. ND in- 
dicates not detectable. **,P<0.01, WT unmodified vs. IL-12R/Jl~ y " 
unmodified; ***, /><0.005, WT unmodified vs. WT IL-12-treated- 
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FIGURE 2. The 01 subunit of IL-12 receptor is required for IL-12- 
induced stimulation of ailoantigen-specific splenocyte proliferation. 
C57BL/6 splenocytes (1X10 € cells/ml) were stimulated with irradi- 
ated allogeneic BALB/c splenocytes (1X10 6 cells/ml) in 96-well mi- 
crotiter plates for 5 days. Cultures were pulsed with 0.5 /iCi/well 
[methyl- 3 H]thymidine for the final 8 hr of the incubation period, and 
thymidine incorporation was determined by liquid scintillation spec- 
trophotometry. Results are expressed as the mean cpm in quadru- 
plicate samples i SD. Data are representative of three separate 
experiments. *, P<0.05 (WT unmodified vs. WT IL-12-treated). 

stimulated the secretion of IL-10 by alloantigen-stimulated 
WT splenocytes, but not IL-12R/31"'" cells (Table 1). Collec- 
tively, these data indicate that the 01 subunit of IL-12R is 
required for the enhancement of several in vitro alloimmune 
responses by exogenous rIL-12, including increased alloanti- 
gen-stimulated T cell proliferation, and IPN-7 and IL-10 
production. 

Effects of Exogenous IL-12 on Alloimmune Responses 
in Vivo 

Enhancement of serum IFN-y by IL-12 treatment To mon- 
itor the in situ effects of IL-12 treatment on IFN-7 production 
in cardiac allograft recipients, serum IFN-y concentrations 
were measured on day 7 after transplantation (Fig. 3). In 
both WT and IL-i2R/31~ /- allograft recipients, serum IFN-y 
was undetectable by ELISA on day 7 after transplantation. 
Treatment of WT recipients with rIL-12 markedly increased 
serum IFN-y in three independent experiments; however, 
this treatment regimen had little effect on the concentration 
of serum IFN-7 in IL-12R/31"'" allograft recipients. 

Effects of IL-12 on ailoantigen-specific Thl development in 
vivo, Splenocytes obtained from cardiac allograft recipients 
were restimulated in vitro with donor alloantigens and su- 
pernatant concentrations of IFN-*y were determined by 
ELISA. This assay detects in vivo primed Thl, in that spleno- 
cytes from naive, non transplanted mice produce minimal or 
undetectable levels of IFN-7 under these conditions (15, 16, 
24), Restimulation of splenocytes from unmodified IL- 
12R/31"'" allograft recipients with donor alloantigens re- 
sulted in the secretion of similar amounts of IFN-7 compared 
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Figure 3. Treatment of WT, but not IL-12R01"'" allograft recipi- 
ents with rIL-12 markedly increases serum IFN-7. WT or IL- 
12Rj31~'~ C57BI/6 mice bearing BALB/c cardiac allografts were 
either left untreated or given daily intraperitoneal injections of 1.Q 
fig of rIL-12 on days 1-6 after transplantation. On day 7, blood 
obtained from allograft recipients was pooled and serum collected 
after centritugation. Serum IFN-? was determined by ELISA. Re- 
sults are expressed as the mean cytokine concentration in triplicate 
samples ± SD. Data are representative of three independent exper- 
iments. ND indicates not detectable. ***, P<0,005 (WT IL-12-treated 
vs. IL-12R/31-'" IL-12-treated). 



to that seen in WT recipients (IL-12Rj31~'~-7.16 ng/ml vs. 
WT=6.24 ng/ml) (Fig. 4). Treatment of WT recipients with 
IL-12 resulted in a 10-fold increase in the production of IFN-7 
(59,05 ng/ml). In contrast, IFN-7 production by splenocytes 
obtained from lL-12Rj31~'~ recipients treated with IL-12 in 
vivo was similar to untreated values (9.59 ng/ml), indicating 
that the 01 subunit of IL-12R is required for IL*12-mediated 
enhancement of in vivo sensitization of IFN-rproducing 
cells. Further, these results indicate that in vivo Thl devel- 
opment can occur in a state of IL-12 unresponsiveness. 

Effects of exogenous IL-12 on cardiac allograft rejection. 
As IL-12 treatment markedly enhanced Thl responses in WT 
allograft recipients (Figs. 3 and 4), one might predict that 
IL-12 treatment would exacerbate allograft rejection. To test 
this possibility, cardiac allograft function was monitored by 
daily abdominal palpation in WT or ILrl2R/3r'~ allograft 
recipients bearing BALB/c hearts. Cardiac allograft recipi- 
ents were either left untreated or injected once daily with 1.0 
jig of rIL-12- Treatment of WT allograft recipients with this 
dose of rIL-12 (n=10) resulted in symptoms of cachexia in- 
cluding weight loss (mean decrease =2.0 ±0.7 g in 1 week), 
ruffed fur, hunched posture, and decreased activity. In con- 
trast, IL-12Rj31~'~ allograft recipients exhibited no signs of 
IL-12-induced toxicity. 

The mean cardiac allograft survival in unmodified WT 
recipients was approximately 8 days (data not shown; 15, 24X 



15. « 
70 



60 



5( 



FIGURE 

cells bj 

diac al 

withl. 

vivoT 

cardia* 

BALB. 

after 

ELIS/ 

tripUc 

exper 



Card 

a sin 

that 

pect 

rIL- 

Inte 

due* 

tree 

acc< 

gra 

tati 

tre 

log 

of 

Sp 

cle 

no 

ri: 

as 

ct 

T 

w 

o v 

d 

i? 



% 



701 
60 
50 H 



S 40 
on 



P1CC0TT1 ET AL. 



ft 



30- 



20 



10 



□ WT 

0 IL-12R1U*/- 




Unmodified 



IL-12 



1457 



Treatment In Vivo 

Figure 4. Enhancement of in vivo sensitization of 
U by IL-12 requires Il,12R01. WT or a<12Rpi C67BU6 i cw- 
£ allograft recipients were either left untreated or injected daily 
X 1 X of rIL-12 on days 1-6 after transplantation. To assess m 
So T?Wevelopm«nt, splenocytes <lxW cells/ml) obtained I from 
^iac allograft recipient were stimulated with irradmted 
tSSc splenocytes <lxW cells/ml). Supernatant* were collected 
STt2 br. and the concentration of IFN-y was deterrn^d by 
EL1SA Results are expressed as the mean concentration of IFN-y m 
W U«tT 8 amples ± SD. Data are representa tive o ^ three separate 
experiments. ***, P<0.005 (WT unmodified vs. WT IL-X2-treated). 

Cardiac allografts in IL-12Rpr'- recipients were rejected in 
a similar fashion to that seen in IL-12-defiment mice (15), in 
that grafts were uniformly rejected by day 7 (n-8). As ex- 
pected, treatment of IL-12RP1"'" allograft recipients with 
rIL-12 had no effect on the tempo of allograft rejection (n=6). 
Interestingly, despite the overwhelming Thl response in- 
duced by rlL-12 in WT allograft recipient* (Figs. 3 and 4), 
treatment of these animals with rIL-12 did not appear to 
accelerate the tempo of graft rejection when compared to 
grafts of untreated WT recipients on day 7 after transplan- 
tattn. For example, 7 of 10 (70%) allografts of ^WT recipients 
treated with rIL-12 were still functioning on day 7. A histo- 
logic evaluation of these grafts revealed I sim.hir parameters 
of early rejection compared to unmodified WT recipients. 
Specifically, histology was characterized by clilfuse mononu- 
clear cell infiltrates, viable myocytes as evidenced by visible 
nuclei, and relatively uninvolved vessels (Fig. 5). Hence 
rIL-12 treatment did not accelerate the pathologic changes 
associated with acute rejection. „^f> ro 

Phenotype of alloantigen-reactive Thl in WT allograft re- 
cipients Treated with rIL-12. To determine the phenotype of 
Thl responsive to exogenous rIL-12, WT cardiac recipient 
were depleted in vivo of CD8+ T cells (Fig & 6). Splenocytes 
obtained from CDS depleted cardiac allograft recipients pro- 
duced markedly less IFN-y upon in vitro re sti "^JJ™ 
irradiated donor splenocytes (WT unmodified =6.16 ng/ml vs. 
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FIGURE 5. Exogenous IL-12 does not exacerbate cardiac allograa 
rejection. C57BU6 WT recipients of BALB/c cardiac allografts were 
either left untreated or injected intraperitoneally with murine rIL-12 
(10 u<) on days 1-6 after transplantation. On day 7 allografts were 
harvested for histologic evaluation. (A) H&E-stained sect.onof allo- 
grafts frota'WT recipients left untreated (original magnification, 
X400) (B) H&E-stained section of allografts from WT recipients 
treated with rIL-12 (original magnification. £400)- Note lnboth 
experimental groups moderate mononuclear cell infiltrates, and rel- 
ative health of myocytes and vessels. These charactenst.cs are asso- 
ciated with the early phase of acute rejection before onset of myocyte 
necrosis and vascular damage, which is observed on days ^8 or 9 after 
transplantation. Results are representative of at least 10 individual 
transplants for each experimental group. 

WT anti-CD8 mAb-treated=0.52 ng/ml). Similarly, Thl that 
develop as a result of IL-12 stimulation in these experiments 
were predominantly CD8+ T cells (Fig 6). as depleUon 
CDS cells resulted in a reduction in IFN-y production CWT 
IL-12-treated=35.89 ng/ml vs. WT IL-12 plus anti-CD8 mAb- 
treated=2.75 ng/ml). 

IL-12 Treatment (1.0 \tglDay) Inhibits 
AUoantibody Responses 
Given our findings that treatment of WT cardiac allograft 
recipients with rIL-12 resulted in significant f^f™ « tat, ° n 
of serum IFN-y (Fig. 3) and in vivo priming of Thl (Fig_4) 
one would predict that IL-12 treatment should drive IgG2a 
alloantibody production. To test this possibility, sera alloan- 
tibody production was assessed on day 7 after transplants 
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PlOUBE 6. Alloantigen-specific Thl responding to exogenous rIL-12 
are CD8+ T cells. In these experiments, splenocytes were obtained 
from cardiac allograft recipients either left untreated or treated with 
anti-CD8 mAb, rIL-12, or a combination of anti-CD8 mAb plus rlL- 
12. Thl function was assessed by IFN-y production after a 72-hr 
restimulation of recipient's splenocytes with irradiated BALB/c 
splenocytes. Results are expressed as the mean concentration of 
IPN-y in triplicate samples ± SD. Data are representative of three 
separate experiments. ***, P<0.005 (WT unmodified vs. WT anti- 
CD8 mAb-treated; WT IL-12-treated vs. WT IL-12 plus anti-CD8 
mAb- treated). 



tion in WT cardiac allograft recipients either left unmodified 
or treated once daily with 1.0 fig of rIL-12. In these experi- 
ments, sera lgG2a was undetectable in rlL- 12- treated WT 
allograft recipients at this time point (data not shown). Fur- 
ther, treatment of WT recipients with rIL-12 resulted in 
reduced sera IgM alloantibody in three independent experi- 
ments, compared to untreated WT recipients (Table 2). This 
observation indicates that high doses of rIL-12 inhibit, rather 
than enhance, alloantibody production in this model. In con- 
trast, treatment of IL-12R/31"'" allograft recipients with 

Table 2, High-dose rl L-12 inhibits IgM production in vivo° 
Serum IgM (mean channel fluorescence) . 





Unmodified 


IH2 Treatment 


WT 






Experiment 1 


37.18 


9.85 


Experiment 2 


33.97 


11.39 


Experiment 3 
IL-12R/3r'~ 


78.51 


27.37 






Experiment 1 


17.36. 


31.52 


Experiment 2 


33.83 


43.64 


Experiment 3 


21.67 


35.96 



a Serum was obtained on day 7 after transplantation from WT or 
IL-12Rj31 T/ ~ cardiac allograft recipients. Animals were either left 
untreated or injected with 1 jig of rIL-12 once daily. Anti-BALB/c 
IgM was assessed by flow cytometry using P815 (H2 d ) target cells as 
described under Materials and Methods. Data are reported as the 
mean channel fluorescence and represent three separate experi- 
ments for each group. 



rIL-12 resulted in a slight increase in sera IgM compared to 
unmodified knockout recipients. 

Effects of Low-dose IL-12 (0.1 pglDay) on 
Alloantibody Responses 

The reduction in sera IgM in WT allograft recipients after 
rIL-12 (1.0 /xg/day) treatment (Table 2) may have been 
caused by antiproliferative or toxic effects on B cell function 
caused by rIL-12 and/or IFN-y. To test this possibility, Wx 
cardiac allograft recipients were treated once daily with 0.1 
fig of rIL-12 and sera alloantibody levels were assessed on 
day 7 or 8 after transplantation. No alterations in the pathol. 
ogy of allograft rejection was observed in recipients treated 
with 0.1 u.g of rIL-12 compared to 1.0 ug (data not shown). 
Further, treatment of WT allograft recipients with 0.1 0 f 
rIL-12 resulted in significantly less IL-12*induced toxicity, 
serum IFN-y concentrations in these animals were undetect- 
able by ELISA, and in vivo Thl sensitization was similar to 
untreated allograft recipients (data not shown). These re- 
sults suggested that the 0.1-/xg dose of rIL-12 was ineffective 
in vivo. However, unlike the higher dose of rIL-12 (1.6 ug) ( 
treatment of WT cardiac allograft recipients with 0.1 jxg of 
rIL*12 resulted in an increase in sera IgG2a, but not IgGl at 
both days 7 and 8 after transplantation (Table 3). Further, 
IL-12 treatment augmented sera IgM levels at both time 
points. 

DISCUSSION 

Bioactive IL-12 exists as a p70 heterodimer composed of 
p35 and p40 subunits (28, 29). Each subunit of IL-12 inter- 
acts with a distinct component of the IL-12R: p40 binds to 
IL-12R01 and p35 interacts with IL-12Rj32 (19, 20), Both 
receptor subunits are associated with members of the Janus 
kinase family (30) , and therefore may facilitate IL-12-medi* 
ated signal transduction. However, most of the attention has 
been given to IL-12R/32, which associates with JAK2 (30), For 
example, recent evidence supports a requirement for IL- 
12R)32 expression in IL-12-induced phosphorylation of Stat4 
(2jf, 22). Further, these studies revealed the importance of 
the p2 subunit of IL-12R by demonstrating that the unre- 
sponsiveness of Th2 to IL-12 in both human (21) and mouse 
(22) is a result of loss of IL-12R02 expression by these cells. 
These results indicate that the binding of the p40 subunit of 



TABLE 3. Low-dose r IL-12 augments IgM and IgG2a production in 

vivo a 

Mean channel fluorescence 



Experiment 1 (day 7) 
Unmodified 
IL-12 

Experiment 2 (day 8) 
Unmodified 
IL-12 



IgM 


IgGl 


IgG2a 


11.90 


2.06 


2.58 


28.94 


2.67 


12.79 


31.54 


8.53 


16.31 


46.57 


9.72 


49.00 



° Serum was obtained on day 7 or 8 after transplantation from 
cardiac allograft recipients either left untreated or injected with 0. 1 
fxg of rIL-12 once daily. Isotype-speciflc anti-BALB/c alloantibody 
was assessed by flow cytometry using P815 (H2* 1 ) target cells as 
described under Materials and Methods. Data are reported as the 
mean channel fluorescence. Mean channel fluorescence for isotype 
controls were 1.65 (IgM). 1.67 (IgGl), and 1.57 (lgC2a). 
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IL-12 to IL-12R01 is not sufficient to mediate the bioactivity 
of heterodimer IL-12. However, we have reported that p40 
oromotes alloantigen-speciHc CD8+ Thl development in the 
absence of heterodimer IL-12 (151 This observation suggests 
that IL-12 p40 mediates its stimulatory effect through IL- 
12RJ31 alone, or that IL-12R01 associates with a yet uniden- 
tified component of IL-12R on CD8+ T cells. These possibil- 
ities have not been tested. Additional data are emerging that 
support a biologic role of p40 interacting with IL-12R01 (J). 
Specifically, p35 knockout mice, which are capable of produc- 
ing p4° in levels similar to WT mice (31\ are less susceptible 
to infection with Listeria and Cryptococcus neoformas com- 
pared to p40 knockout mice. Hence, one goal of the current 
study was to assess the role of IL-12R/31 in alloimmune 
responses both in vitro and in vivo. 

IL-12 is a potent stimulator of in vitro alloarttigen-specific 
Thl development, in that the addition of IL-12 to MLC con- 
sisting of WT responder splenocytes resulted in a 10-fold or 
greater increase in IFN-y production (Table 1; 15). Exoge- 
nous rIL-12 also markedly augments in vitro Thl develop- 
ment in mice that are deficient in p35, p40 (15) or both 
subunits of IL-12 (JR Piccotti and DK Bishop, unpublished 
observations), indicating that T cells of these mice are 
equipped with a functional IL-12R. In contrast, 11^12 did not 
alter MLC IFN-y production by splenocytes of IL-12R01 / 
mice (Table 1). This result illustrates the requirement of 01 
subunit of IL-12R for lL-12-driven Thl differentiation in 
vitro. It should be noted that, although IFN-y production by 
IL-12R/31"'" splenocytes in MLC was reduced compared to 
WT values (Table 1), this cytokine was readily detectable by 
ELISA, suggesting that IL-12 is not an absolute requirement 
for in vitro Thl responses. 

IL-12 is also a key cytokine involved in promoting cell- 
mediated immune responses in vivo U, 2). However, what 
role IL-12 plays in transplant rejection remains unclear. It 
has been reported that IL-12 has a central role in the pro- 
gression of acute graft-versus-host disease (GVHD) in mice 
(6\ 32). In these studies, neutralizing IL-12 with a polyclonal 
anti-IL-12 antibody results in the amelioration of acute 
GVHD {32) and, conversely, treatment with exogenous IL-12 
converts chronic GVHD into exacerbated acute GVHD (6", 32), 
Further, Williamson et al. {33) have reported that neutraliz- 
ing IL-12 during the inductive phase of GVHD results in a 
Thl to Th2 shift evidenced by a reduction in IFN-y and 
enhancement of IL-5 and IL40 production by Con A-stimu- 
lated splenocytes. In contrast to these findings, neutralizing 
IL-12 in mouse vascularized cardiac allograft recipients pro- 
motes intragraft Th2 cytokine (IL-4 and IL-10) gene expres- 
sion; however, these grafts are rejected in an accelerated 
fashion compared to untreated recipients (16), Importantly, 
in vivo Thl priming is not inhibited by IL-12 neutralization , 
indicating that Thl development can occur independent of 
IL-12 (161 This possibility is further supported by the obser- 
vation that splenocytes of IL-12R|31' / '" allograft recipients 
produce similar concentrations of IFN-y upon restimulation 
with donor splenocytes compared to WT recipients (Fig. 4). It 
does not appear that Thl development in IL-12R01"'" mice 
is a result of the interaction of endogenous IL-12 with the 
low-affinity IL-12R02, as treatment of these animals with 
rILrl2 did not augment in vivo priming of IFN-y-producing 
cells (Figs. 3 and 4). 



A second hypothesis tested in the current study was treat- 
ment of cardiac allograft recipients with IL-12 would, accel- 
erate the rejection process as a result of exacerbated Thl- 
driven immune responses. Administration of exogenous. 
rIL-12 significantly augmented in vivo sensitization of IFN* 
y-producing cells in WT cardiac allograft recipients, as evi- 
denced by increased sera IFN-7 (Fig. 3) and enhanced pro- 
duction of IFN-y by splenocytes after restimulation with 
donor alloantigens in vitro (Fig. 4). However, this fulminate 
Thl response in vivo did not result in anticipated accelera- 
tion of graft rejection when compared to untreated control 
recipients (Fig. 5). It is possible that induction of high sys- 
temic levels of IFN-y results in an inhibition of immune 
response as a result of IFN-Vs antiproliferative properties 
on effector cell development (34), However, graft survival 
was not prolonged after rIL-12 treatment in the current 
study. This observation questions the overall importance of 
Thl responses in this experimental model, and suggests that 
the magnitude of Thl-driven alloimmune response may not 
correlate directly to the severity of graft rejection. Indeed, 
Th2-driven immune responses are emerging as potential ef- 
fector cells of rejection in both human and experimental 
transplantation (reviewed in 3$). 

Finally, we examined the influence of rIL42 administra- 
tion on allospecific B cell function. In an experimental system 
in which PVG.RT1 U congenic rats were immunized with an 
isolated alloantigen, Gracie et al. (36) reported that treat- 
ment with murine rIL-12 (1.0 ftg/day for 5 days) after allo- 
immunization augments levels of allospecific IgG2b and 
IgG2c, while decreasing IgGl. The authors demonstrated 
that co-administration of neutralizing anti-IFN-y mAb abro- 
gated this response, indicating that the enhancement of B 
cell function by IL-12 was dependent on IFN-y. When ad- 
justed for body weight, this dose of rIL-12 in the rat is 
comparable to our 0.1-/xg dose in the mouse. In the current 
study, treatment of WT cardiac allograft recipients with 0.1 
pig of rIL-12/day for 6 days increased the level of sera IgG2a 
compared to untreated recipients on day 7 and 8 after trans* 
plantation (Table 3). However, adrninistration of 1.0 ixg of 
rIL-12/day reduced allospecific B cell function, indicated by a 
decrease in sera IgM (Table 2) and absence of isotype switch 
to IgG2a. These observations suggest a biphasic response to 
IL-12 treatment in WT mouse cardiac allograft recipients 
likely dependent on the concentration of IFN-y. 

In summary, this study illustrates that the 01 subunit of 
mouse IL-12R is critical for IL-12-driven alloimmune re- 
sponses both in vitro and in vivo, and that IL-12R02 alone 
does not transduce IL-12 signaling. These observations are 
supported by recent reports, which have shown that humans 
deficient in IL-12R/31 exhibit severe impairment in their 
resistance to infections as a result of intracellular pathogens 
(37, 38). The generation of mice deficient in IL-12R02 will 
provide an important animal model to evaluate whether 01 
subunit of IL-12R alone conveys IL-12 responsiveness in 
vivo. Specifically, these mice would be useful in determining 
the mechanism by which p40 subunit of IL-12 enhances 
CD8+ Thl development (15, 16). Finally, this study ques- 
tions the importance of Thl-driven alloimmune responses^ 
cardiac allograft rejection, as exacerbated Thl responses in- 
duced by IL-12 failed to accelerate graft rejection in this 
model. 
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Although Cyclosporin A has improved transplant outcome, its use 
has serious limitations due to its narrow therapeutic window. New 
approaches to broaden this window exploit alternative drug formulations, 
pharmacokinetic profiling and new immunosuppressive agents, such as 
Rapamycin and Brequinar, which act in a synergistic fashion* There is no 
evidence to suggest that the pharmacological alternative to Cyclosporin A f 
FK-506, displays a broader therapeutic window, although it may be 
tenfold more potent Similarly, despite the specificity of the lgC2a mouse 
anti-human CD3 monoclonal antibody, it displays a significant range of 
clinical side effects, delayed therapeutic action and frequently stimulates 
generation of human anti-mouse monoclonal antibodies. Recent advances 
in monoclonal antibody technology seek not only to produce antibodies 
against determinants Involved in alloactivation, but also to 'humanize' 
the antibodies for reduced side effects. The availability of this array of 
potential agents highlights the need to develop guidelines for clinical 
trial methodologies to address the unique needs and demands of organ 

transplantation. 

Current Opinion in Immunology 1992, 4;S53-560 

introduction 



After thirty years of vigorous but relatively unproductive 
research, the field of immunosuppressive drugs awak- 
ened Mowing the approval of two agents that, in con- 
trast to the non-selective drugs Azathioprine (Aza) and 
corticosteroids, display relatively specific actions on T 
cells. One of these, the fungal undecapeptide Cyclosporin 
A (CsA), not only improved clinical outcomes and broad- 
ened the clinical settings in which transplants were sue* 
cessful, but also provided a unique tool for dissecting 
activation mechanisms leading to lymphokine synthe- 
sis. Subsequent approval of the other agent, the IgG2a 
mouse monoclonal antibody (mAb) OKT-3, heralded 
the use of reagents that bind selective T-cell surface 
markers to modulate the immune response. The past 
decade has witnessed srrikj ng progress in the devel- 
opment of new pharmacological agents (Fig. 1). One 
group inhibits lymphokine biosynthesis, FK-506 or sig- 
nal transduction, Rapamycin (RAPA). A second group 
is the nucleotide synthesis inhibitors; Mizorbine (1) and 
RS61443, a morphoUnoechyi-ester analog of mycopheno- 
lie acid (MPA) [2"]. block purine salvage pathways with 
the generation of guanosine monophosphate, and the 
quinoline carboxylie add Brequinar (BQR) blocks the 
dc novo synthesis of pyrimidines [3**]. A third group, 
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new. mAbs, recognizes specific surface epitopes on T 
cells and antigenpresenting cells (Fig. 2). Immunosup- 
pressive activity has been documented [4-^9) with several 
mAbs that bind various determinants as shown in Table 
1. Prolonged graft survival has also been achieved with 
antibodies, or preferably their F(ab')2 fragments, directed 
towards class I [10] or class II MIIC antigens. A refine- 
ment of mAb technology is the production of immuno- 
toxins. Rlcin ot-chain toxin linked co mouse anti-human 
CD5 IgGl mAb has been used by Raverry (personal com- 
munication) to treat steroid- resistant graft versus host dis- 
ease in human bone marrow transplantation. This array 
of new agents proffers an unprecedented opportunity to 
design effective, yet minimally toxic, regimens to improve 
the outcome of transplantation in man. 



Limitations of existing immunosuppressive 
regimens 

Currently; clinical regimens are based upon the use of 
CsA, the immunosuppressant benefits of whkrh are se- 
riously limited by side effects. In attempts to augment 
its efficacy, the corticosteroid Prednisone (Pred), Aza, 
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Fig. "I* Classification of immunosuppres- 
sive drugs based upon their site of ac- 
tion in the cell cycle. In the first group, 
corticosteroid, and possibly deoxysper- 
guailn, inhibit antigen- presenting ceils. 
In the second group, Cyclosporin A 
(CsA) and FK"506 inhibit r/mphokine 
(DO biosynthesis during the Cq phase 
and Rapamycin Inhibits signal trans- 
duction during the 0\ phase. In the 
third group (the nucleoside synthesis in- 
hibitors), Mizorbfne (MZB) and RS61443 
(a morphofinoethyl-ethef analog of my- 
cophenolic acid, MPA) inhibit purine 
synthesis pathways leading to the gen- 
eration of guanosine monophosphate, 
whereas Brequinar {qufnoilne carboxyfic 
acid) inhibits the de novo synthesis of 
pyrimidines. II, interleukin; R, receptor. 
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fig. 2. Epitope targets of monoclonal 
antibodies. ICAM, intercellular adhesion 
molecule; II, interleuklrv MHC major 
histocompatibility complex; R, receptor; 
ICR, T-cell receptor. 
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equine or rabbit polyclonal anti-lymphocyte sera (ALG) 
and/or mouse OKT3 mAbs have been combined in em- 
pirical regimens that are often tailored to individual pa- 
tients. To address one limitation of CsA, nephro- and/or 
hepatO'toxidty during the Initial post- transplant phase 
of induction immunosuppressive therapy, which delays 
allograft and patient recovery, pharmacokinetic control 



programs have been used either to pre select CsA doses 
[11] or to combine ALG or OKT-3 with Aza/Pred in or- 
der to delay treatment with CsA* However, immediate, 
rather than delayed, administration of CsA to patients 
displaying good initial renal function avoids the disad- 
vantages of ALG/OKT-3 induction, namely an increased 
risk of cytomegalovirus (CMV) infection, additional ex- 
pease and/or delayed hospital discharge awaiting sat- 
isfactory CsA levels after treatment with CsA, However, 
patients at extraordinarily high immunological risk, due 
to rejection of previous allografts within three months, 
or with marginally-functioning organs may preferably be 
treated with ALG or OKT-3 induction as a possible means 
to delay the onset of their first rejection episodes. Two 
possible alternatives for induction therapy are the CsA 
analogs that may display reduced nephrotoxicity, namely 
Cyclosporin G [12], which substitutes notvaline at po- 
sition 2, and 1MH125 with a hydrophillc substituent at 
position 9. 

To date, no large randomized study has shown that the 
induction regimen alters the clinical outcome, rather, a 
small cohort reported by Belitsky et al |13] showed 
no difference between ALG versus initial CsA therapy, the 
two options for induction therapy. There may be several 
reasons for this. Firstly, the polyclonal reagents, such as 



rabbit or equine Minnesota ALG and anti-thymocyte glob- 
ulin, regardless of their source, opsonize T cells, leading 
to their removal from the circulation. This depletion obvi- 
ates T-cell mediated attack on the allograft Among other 
factors that must be considered is that the central intra- 
venous lines required for polyclonal administration may 
be accidentally contaminated, producing septicemia. Fur- 
ther, there arc no indices of the efficacy of the polyclonal 
sera. Peripheral blood T-ceU numbers above the target 
range of 50-150/ml tend only to be useful reflections 
of the appearance of human host anti-equine antibod- 
ies, not immunological resistance to therapy. The other 
induction therapy using OKT-3, which covers anchor 
modulates CD3 epitopes on the T-cell surface, oifers 
the advantages of both peripheral intravenous admin- 
istration and readily available fluorescence-activated cell 
sorting (FACS) tests for antibody efficacy. The clinician 
monitors patient peripheral blood lymphocyte T-cell epi- 
topes for (a) ceils with exposed CD3 epitopes that were 
not bound by OKT-3 in vivo by thdr capacity to bind 
fluorescenated OKT-3 in vitro, (b) the total number of 
circulating T cells with fluorescenated anti CD2, a pan 
T-cell marker, and (c) the proportion of OKT3<oated 
cells detected with a goat anti-mouse IgG reagent A sat- 
isfactory therapeutic effect is observed when the patient 
has <25% OKT-3* cells in vitro and 60-75% CD2+T 
cells, about 40% of which are coated with mouse IgG 
which binds to OKT-3. While OKT-3 represents an ad- 
vance in immunosuppressive therapy, it has several seri- 
ous limitations: (a) severe first-dose reactions, including 
chills, fever, myalgias and, in the worst cases, pulmonary 
oedema apparently due to lymphokine release (partio 
uiarly tumor necrosis factor and intcrleukin (1L>2; (b) 
longer-term adverse effects such as aseptic meningitis; 
(c) a delay in the therapeutic effect for as long as 7 
days after initiation of treatment; (d) induction of human 
anti-mouse antibodies, generally of the antiidiotype vari- 
ety, but not uncommonly of broader reactivity; (e) a fre- 
quent incidence of rebound re-rejection episodes upon 
completion of the therapeutic course; and (f) a tendency 
toward CMV infections in 4096 of treated patients, In ad- 
dition, both polyclonal and mAb reagents may produce 
excessive immunosuppression, resulting in increased in- 
cidences of CMV infection and/or of lymphomas and 
other neoplasms, as well as allograft thrombosis. Thus, 
selection of a CsA versus an antibody induction regimen 
must balance the risks of nephrotoxicity versus that of 
excessive immunosuppression. 

The use of CsA has reduced the risk of acute rejection, 
but a rational approach to CsA administration is confused 
by the tremendous variability between individuals in drug 
pharmacokinetics and pbarmacodyriamics 1 14J, which, in 
turn, generates a fear of irreversible renal injury in case 
the CsA dose is excessive. Three approaches have been 
used to address this problem; (a) combining reduced 
CsA doses with subtherapeutic amounts of Aza (J 5]; 
(b) monitoring the parent compound CsA based upon its 
trough concentration prior to the next drug dose 1 16]; 
and (c) adjusting CsA doses prospectively based upon 
average concentrations calculated from serial measure- 
ments of the area under the concentration-time curve 



(llj. Since drug absorption presents the greatest vari- 
ability in pharmacokinetics, attempts have been made 
to increase CsA bioavailability by coadministration of 
Vitamin E [17], In addition, the manufacturer has pro- 
duced a new micro-emulsion formulation that increases 
the bioavailability by twofold above that of the exist- 
ing oral solution or capsule preparation, which show 
equivalent bioavailability in studies comparing both for- 
mulations 118] , The critical issue seems to be the drug 
concentration in the allograft While direct intra arterial 
infusion has been used for experimental models of re- 
nal or cardiac allografts, good drug uptake In man can 
be achieved by presenting CsA as an aerosol in absolute 
ethanol when it has a mean particle diameter of 1.2 mi- 
crons (191- 

Optimal use of CsA demands the measurement of drug 
concentrations/activities at the level of its lymphocyte re- 
ceptor or target signal transduction molecule(s), which 
may be calcineurin (an enzyme that may be involved 
in a common step associated with T-cell and IgP re- 
ceptor signaling pathways) [20-] or the nuclear factor 
of activated T-cells (NF-AT). However, a major limita- 
tion may be the failure of CsA to inhibit lymphocyte 
activation via the CD28 surface marker (21), an impor- 
tant co-stimulatory pathway that together with T-celi re- 
ceptor (TCK) stimulation blocks induction of anergy in 
T-ceU clones 122). Fortunately, rejection episodes under 
CsA prophylactic therapy tend to be readily reversed by 
corticosteroid therapy, and the majority of steroid rcsis- 
tant episodes are overcome wish polyclonal ALG and/or 
OKT-3 therapy. Corticosteroids are believed to represent 
the Achillas heel of transplantation because of the wide 
distribution and piciotropic effects of the glucocorticoid 
receptor superfamily found in the cytoplasm. These are 
DNA- binding dimeric transcription facrors with a zinc fin- 
ger structure that recognize enhancer (or negative reg- 
ulator) elements bearing the GRE motif (GTACAnnnT- 
G1TCT, where n - any nucleotide). One important neg- 
ative regulatory element is the API binding site, normally 
the focus for fos-jun heterodimers (23]. An alternative 
approach to the reduction of IL-lp generation, an action 
typical of corticosteroids, is to inhibit the en?yme that 
cleaves the inactive 31 kD precursor between Asp 1 16 and 
Ala 117 to release the 153 carboxyl- terminal amino acids 
that constitute 11- 1(5 {24}. Another immunosuppressive 
eifect may be achieved by die upregulation of the syn- 
thesis of transforming growth factor-p by steroids [25). 
Withdrawal of steroid treatment months to years after the 
transplant may be successful in patients who did not re- 
ject the transplant [26*]. 

Preliminary data suggest that a ten-day course of the IgM 
mouse anti-human ct/B TCR mAb T10B9.1A-31 141. but 
not BMA031 (C Groth, personal communication), not 
only produces equivalent therapeutic: effects to those of 
OKT-3, but is less toxic in terms of incidence of fever 
and neurological and respiratory symptoms, as well as 
of subsequent infections. Furthermore, T1GB9 therapy is 
not associated with as great a rise in serum creatinine 
during treatment as OKT-3, suggesting a more rapid 
attenuation of the ailo-immune response. However, the 
repeated use of xenogeneic antibodies during the induc- 
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tioh phase" as well as For anti- rejection therapy may be 
complicated by the development of neutralizing human 
anti-mouse antibodies. 

A major goal of maintenance immunosuppressive ther- 
apy is prophylaxis against chronic rejection. To date, not 
only has CsA'Pred Therapy Sailed to reduce the incidence 
of tills complication from the 8-10% level observed un- 
der the Aza/Pred combination, but there Is no way to 
determine if the feilure is due to its inherently modest in- 
hibition of B-cdl responses or to physicians' tendency to 
limit CsA thetapy to minimal, possibly ineffective, doses 
in order to mitigate a renal injury. Thus, despite the im- 
provement in initial graft survival, transplants continue to 
be lost In the longer term, with half lives of about seven 
years for cardiac and 11.5 years for renal transplant in 
humans, A recent study of the effects of immunosuppres- 
sive drugs on coronary vascular disease in heterotopic rat 
cardiac allografts suggests that RAPA particularly, CsA to 
a lesser extent, but definitely not FK-506, inhibit patho* 
logical endothelial and smooth muscle lesions in arteries 
and arterioles, which seem to be the critical lesions in the 
progression of chronic rejection (27). 



New pha rmacological agents 

Both the macrolide PK0O6 and the undecapeptide CsA 
intenupt lymphokine synthesis by inhibiting generation 
of the Ca 2h dependent regulatory proteins NF-AT, NFIl- 
2A, NF1L-2B, and NF-xf*, but not c fos> which is necessary 
for 1L2 generation. Presumably, both drugs also affect 
serine protease gene transcripts, an excellent marker of 
rejection [28]. The inhibition of cytotoxic T lymphocytes 
(CTLs), even in the presence of optimal amounts of IL*2, 
is a prominent elfeet of CsA (29} and, apparently, FK 506. 
Despite the assumption that CsA and FK-506 produce 
Similar inhibitory effects, at least three differences have 
been observed: first, FK-506 displays a flatter inhibition 
curve than CsA with a wider discrepancy in potency at 
the 5056 inhibition than at the 95% inhibition level; sec- 
ondly, CsA leads to the generation of suppressive T cells, 
whereas FK-506 does not; and thirdly, although both 
drugs inhibit CD4 + T helper (Th) lymphocytes, which 
secrete IL-2, only CsA (and not FK-506) permits priming 
of CD8 + CTLs [30]. Furthermore, Bretscher and Havele 
(31] suggest that CsA switches the immune response to 
the graft from a delayed type hypersensitivity (DTH) re- 
sponse to an IgG response by inhibiting the Thl subset 
with the emergence of the Th2 subset, which actively in- 
duces IgG via IL4 generation and inhibits Thl cells and 
tyjTI via IL-10, Both CsA and FK-506 spare transcription 
of the down-regulatory lymphokine IL10. While CsA in- 
hibits transcription of 1L6, this factor is not affected by 
FK-506. 

The coming year should wimess publication of a vast ar- 
ray of randomized trials comparing the clinical outcome 
of liver and renal trausplants in patients treated with 
FK-506 versus CsA. So far, a preliminary non-randGm- 
ized study of iiver recipients showed that FK-506 therapy 
displays greater neurotoxicity, equivalent nephrotoxicity, 



but, possibly, less hypertension than does CsA therapy 
[32"), A further claim that corticosteroids do not have 
to be used with FK-506 cannot be assessed due to two 
factors: firstly, the protocol stipulated higher Pred doses 
in the CsA cohort than those used with FK-506; and 
secondly, to date, there Is no pharmacokinetic analysis 
of Pred concentrations in CsA versus FK-506 treatment 
groups in order to exclude a drug interaction. Addi- 
tionally, the extremely poor results in the initial study, 
wherein allegedly CsA-resistant patients were converted 
to treatment with FK-506, actually reflected antagonism 
between the two drugs caused by (a) an adverse Im- 
munological interaction between the two agents that ap- 
parently have similar mechanisms of action [33] and (b) 
competitive pharmacokinetic interactioas. Although FK* 
506 has not yet been shown to achieve clinical results 
even equivalent to those of CsA, eventual definition of its 
relative therapeutic window will depend upon Phase H 
studies to select well-tolerated drug doses for random- 
ized trials versus CsA therapy. 

When a second agent, RS61443, was added in doses of 
2 500-3 500 mg per day to a CsA/Pred regimen, it seemed 
to reduce the incidence of acute rejection episodes. How- 
ever, these high doses are likely to produce toxicity, 
particularly leukopenia and gastrointestinal complaints 
(2"]. Randomized placebo-controlled trials are under- 
way to assess the efficacy of RS61443 versus Aza added 
to a CsA/Pred regimen. Other studies are examining die 
impact of a fourth agent, deoxyspergualin, to potentiate 
an ALG/Aza/Prcd/CsA induction protocol 

The studies that claimed Azz displays pharmacological 
synergism with CsA failed to utilize rigorous experi- 
mental design or data analysis [34}, For instance, both 
in vitro analyses [35] and clinical results demonstrate 
that Aza acts in an additive manner rather than syner- 
gistically with CsA |36|. Similarly, in intra analyses sug- 
gest that RS61443 [37], mizorblne 137], and thalidomide 
[38] also act in an additive manner with CsA. Although 
initial data suggested that BQR potentiates the effect of 
CsA (3"K recent experiments document true synergism 
1 37 J. However, GsA/RAPA combinations show the most 
impressive degree of synergy both in vitro and in vivo 
[39] . Once Phase ! toxicity trials have been completed, it 
will be possible to assess whether BQR or RAPA displays 
the synergistic effects with CsA in human transplantation 
that are evident in rodents and large animal models. 



New monoclonal antibody reagents 

Second generation n>Abs are l>eing designed to avoid the 
severe systemic reactions due to lymphokine release that 
follow initial doses of OKT-3* For example, the IgG2b 
anu-human o/p TCR mAb BMA 031 used for induction 
therapy (three 50 mg doses administered on alternate 
days) delays the onset of first rejection episodes and 
probably improves one-year graft survival (R Knight and 
BD Kahan, unpublished data), Similar benefits have been 
reported with mouse and rat mAbs produced against the 
activation-induced ct*chain, or to new epitopes resulting 
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from the formation of the otp complex, of the 1L-2 recep- 
tor [8]. 

However, treatment with these antibodies leads to a 
high incidence of human anti-mouse antibodies, which 
may attenuate the immunosuppressive effects. Recent 
work has explored approaches to construct either (a) 
•chimeric' antibodies bearing human Fc segments joined 
to mouse F(ab*)2 fragments, or (b) 'humanized* mAbs 
with mouse idlotypes inserted onto human IgG isotvpes 
(Fig,3X Chimeric antibodies combine the variable re* 
gions of mouse antibodies with human antibody constant 
regions and, therefore, present fewer foreign amino actd 
sequences to the host However, one-third of the struc- 
ture is still of mouse origin. Furthermore, a clinical trial 
using a chimeric anti-CD7 mAb not only railed to achieve 
a superior level of Immunosuppression induction, but 
also increased the incidence of vascular thromboses [73, 
The latter effect may have been related to the adhesion of 
Fc receptors on platelets and polymorphonuclear leuko- 
cytes to the human Fc regions, bound to endothelium 
via mouse epitopes. On the other hand, 'humanized' an- 
tibodies combine only the smallest part of a mouse an- 
tibody that is required, the antigen combining site, with 
human variable region frameworks and constant regions. 
Due to the reduced affinity of 'humanized' antibodies for 
antigen epitopes, Co et al (40*] recommended two inno- 
vations; firstly, selection of a human framework that is as 
homologous to the original mouse antibody as possible; 
and secondly, insertion of key residues from the mouse 
model into the construct in order to achieve a molecular 
confonnation that is similar to the native scliocype. The 
beneficial effects of chimeric and 'humanized' variants of 
mouse mAbs will be clarified only by randomized clinical 
trials. 

Two alternative approaches seek to utilize mAbs di- 
rected against donor MHC antigens or against co-re- 
ceptor molecules. In a study of non-human primates, 



OKT-4A IgG2A mAbs, which react with the CD4 co-recep- 
tor on Th cells, provoked fewer side effects than OKT-3 
[6]. In an initial clinical trial of OKT-4A induction ther- 
apy (0.2mg/kgAJay), all six patients suffered rejections. 
These rejections were reversible, but left residual areas 
of dead tissue resulting from an obstruction of the blood 
- supply in half the renal allografts. Unfortunately, OKT-4A 
also generated a strong human anti-mouse antibody re- 
sponse 0 Barry, personal communication). Experimental 
animal models are currently being used to determine if 
antibody efficacy is related to T-cell deletion and Is poten- 
tiated by simultaneous treatment with an anti -CD8 mAb. 
On the one hand, Fathman and colleagues [41] found 
that depleting anti-CD4 mAbs produced prolonged alio- 
unresponsiveness toward allogeneic pancreatic islets, an 
effect that was moderated by simultaneous treatment with 
anti CDS 4 mAbs, suggesting the role of a regulator CD8+ 
cell. On the other hand, Waldmann and colleagues [42] 
induced tolerance toward mouse heart transplants where 
the donor and recipient were not matched at MHC level 
using an anti«CD4 mAb that not only did not deplete T 
cells but also was potentiated by simultaneous adminis- 
tration of an anti CD8 mAb. 

A second approach to co-receptor molecules is based on 
the Interaction of lymphocyte function-associated anti- 
gen (LFA>1 on CTLs with the intercellular adhesion 
molecule (ICAMM or monocytes. Expression of IGAM-1 
Is unregulated following tymphokine release, which oc- 
curs during acute allograft rejection but not during other 
pathological events in the kidney f 43" j. Prophylactic and 
therapeutic administrations of a mAb directed against die 
high molecular weight a-chain of human ICAMM alone 
delayed both the onset and progression of rejection 
episodes in primate renal allograft models. Using mouse 
mAbs directed against LFA 1, Stoppa et#L [44] reversed 
steroid resistant acute graft versus host reactions in man. 
indeed, the combination of anri-ICAM-1 and anti-LFA-1 
mAbs produced alio- tolerance in mice that were not conv 




Chimeric human-mouse mAb 



^Humanized' mAb 



Fig. 3. Types of monoclonal antibody. 
Chimeric antibodies combine the vari- 
able regions of mouse antibodies with 
human constant regions and, therefore, 
present fewer foreign amino acid se- 
quences to the host 'Humanized' anti- 
bodies combine only the smallest pan 
of a mouse antibody that is required, 
the antigen binding site, with human 
variable region frameworks and con- 
stant regions. 
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"patlble at the MHC level [4S^]. These promising results 
in animal models using mAbs directed against T-cell and 
monocyte co-receptors await confirmation in controlled 
clinical trials. 

While clinical interventions to date have focused on using 
mAbs directed towards surface epitopes important for 
the afferent limh of the alk>immune response, there is 
increasing evidence that antiidiotype antibodies, either 
exogcnousty introduced or endogenously, spontaneously 
generated, may regulate the induction of allo-immune re- 
sponses* A recent study performed by Snider [46] sug- 
gested that immunization of hosts with antigen-antibody 
complexes confers a bias in the epitope, resulting in a 
less efficient antibody response that shows afltHdiotyplc 
properties. This approach represents a particularly fertile 
ground for clinical exploration 



Cytokine receptor analogs and antagonists 

A new group of immunosuppressive agents are the cy- 
tokine receptor antagonists. The discovery and initial test- 
ing of an UA receptor antagonist has been reviewed by 
Arend 147]. IgG-stimulated human monocytes naturally 
produce 1L-1 receptor antagonist, a heterogenous array 
of glycoproteins of 15-25 fcD, depending upon their de- 
gree of gtycosyiation. H i receptor antagonist binds type 
l r but not type il, IL-1 receptors without activating cells 
and with considerably less avidity than native IL-lct and 
ILL Type I Hxl receptors are present on Th2 cells 
and fibroblasts; Type il IL-1 receptors are present on 
B cells, neutrophils, and macrophages. Although ther- 
apeutic trials of H-l receptor antagonist in rheumatoid 
arthritis and septic shock suggest some beneficial effects, 
Faherty & ai [48] failed to observe that IL-1 receptor an- 
tagonist inhibited inducUon of CTLs, cutaneous DTH, or 
T-ccll dependent humoral antibody responses. They also 
found that administration of a mAb to type U IL-1 recep- 
tor (35F5) was ineffective, Fanslow et al (49*) recently 
extended their previous studies, which used coastiucis 
of the extra-membranous portion of the IL-1 receptor, 
by using similar constructs of the IL-4 receptor. In the 
initial studies, they prolonged heterotopic pin rial, neona- 
tal mouse heart allograft survival, but failed to prevent 
uliO'Sensitization, as documented by a rapid, secondary- 
type proliferative response upon in vitro one-way mixed 
lymphocyte reactions. In their recent studies, constmcts 
of IL4 receptor alone, or in combination with rat anti- 
mouse IL4 receptor mAb, induced modest prolongation 
of heart allo-explants. 



immunosuppressive drug trials 

Of the numerous obstacles currently hindering the devel 
opment of efficacious immunosuppressive regimens, the 
lack of methodology for clinical transplantation trials Is of 
particular importance. To date, no series of Phase i and 
II toxicity and dose-finding trials has been conducted in 



order to establish a foundation for clinical investigation. 
The introduction of Aza, steroids, and CsA, as well as the 
preliminary trials of FK-506, have relied upon empirical 
approaches. Important obstacles to comprehensive trials 
include the relatively small numbers of transplant cases, 
the use of unrefined end-points such as graft and patient 
survival, and the lack of well-established criteria for the 
diagnosis and grading of rejection episodes, deficits that 
obfuscate the use of this event as an intermediate end- 
point In addition, no in vitro immune assay predicts 
or correlates with in vivo immunosuppressive efficacy; 
hence, there is no surrogate immune parameter as a basis 
of immunosuppressive efficacy and/or for dose extrapo- 
lation from in vitro systems to in vivo conditions. 

Since present results with CsA-based regimens yield ex- 
cellent graft survivals, extremely large numbers of pa- 
tients must be entered into clinical trials to document 
improved efficacy of a new agent Even more extensive 
efforts will be needed to exclude the possibility that the 
results with the new agent are not actually worse than 
those obtained with the existent CsA regimen In light 
of the presently high success rates, the benefits of any 
new regimen must be based upon both the potency 
and the mitigation of side effects, as assessed by quan- 
titative parameters, including glomerular filtration rates. 
The practice of clinical research in transplantation must 
proceed to develop principles of rigorous study design 
and precise analytical tools in order to mast expeditiously 
evaluate the available array of new immunosuppressants 
described In this review. 
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Abstract; We examined the mechanisms involved 
in interleukin (IL)- 12 -media ted suppression of cel- 
lular immunity in mice using allogeneic mixed leu* 
kocyte reaction (MLR) stimulated by dendritic cells 
(DCs) in vitro and compared the effect of IL-12 on 
MLR in mice and humans. Although IL-12 stimu- 
lated human MLR, the addition of IL-12 or inter- 
feron-7 (IFN-7) resulted in a dose-dependent sup- 
pression of MLR in mice. The treatment with N - 
monomethyl-L-arginine (L-NMMA) completely 
abrogated IL-12- and IFN-7-mediated suppression 
of MLR in mice. Furthermore, IL-12 enhanced the 
alloreactive cytolytic T lymphocyte (CTL) induc- 
tion bi human MLR, whereas the addition of L~ 
NMMA was required to generate alloreactive CTLs 
in the presence of IL-12 in mice. Nitric oxide (NO) 
was delected only in mouse MLR. Murine DCs 
could produce NO, but neither human CD34 + cell- 
nor monocyte-derived DCs produced a detectable 
amount of NO, These results suggest that NO pro- 
duced by DCs might play an important role in 
IL-12-medialcd immune suppression in mice but 
not in humans. J, Leiikoc* Biol. 73: 621-629; 
2003. 

Key Words: MLR * IFN-y ♦ L-NMMA 



INTRODUCTION 

Interleukin (1L)-12 is u hcieroilimeric cytokine produced by 
dendritic cells (DCs), macrophages, polymorphonuclear leuko- 
cytes, and keratinocyies Pleiotropic effects on the host 
immune system, including activation of natural killer (NK) 
cells and cytolytic T lymphocytes (CTLs), induction of inter- 
ferons (IFN*y) production and T helper cell type 1 (Thl) 
differentiation, and untiangiogenie effects [1-4], have been 
reported. Exogenous IL-12 is effective for infectious and ma- 
lignant diseases [1-6], Furthermore, IL-12 gene transduction 
into tumors strongly suppressed the growth of various tumors in 
vivo [7, fij, whereas the mechanisms involved in the antitumor 



effects of IL-12 are still unclear as a result of the complexity of 
the biological effects of IL-12. 

Conversely, the unexpected effects of IL-12 on the cellular 
immune responses have been reported in mice. Noguehi et al. 
[9] showed that administration of a low dose of IL-12 (1 
ng/mouse) enhanced CTL activity specific for the mutated p53 
peptide (234CM) and regressed the MethA tumor expressing it, 
whereas a high dose of IL-12 (100 ng/mouse) suppressed 
234CM-specific CTL generation, Martinotti et al. [8] reported 
that a CD8 + T cell -mediated in vivo-immune response against 
lL-12-transduced colon cancer cells was observed only yvhen 
CD4 + T cells were abrogated. Furthermore, Orange et al; [10] 
reported that administration of IL-12 decreased antiviral CTL 
activity in the lymphocytic choriomeningitis virus (LCMV) 
infection model. The report presented by Piccotti et al. [11] 
demonstrated that IL-12 antagonism using anti-IL-12 antibod- 
ies (Ah) or an IL-12 p40 homodimer exacerbated cardiac 
allograft rejection in mice. Recently, Kurzawa et al. [12] 
clearly demonstrated the suppressive effects of IL-12 on cel- 
lular immune responses using syngeneic and allogeneic murine 
tumor systems. Further studies reported by Koblish et al. [13] 
clarified that nitric oxide (NO) produced by macrophages was 
responsible for IL-12-rnediated immune suppression in mice in 
vitro and in vivo. On the basis of these results* they suggested 
the monitoring of suppressive effects of IL-12 when used for 
malignant and infectious diseases in humans. 

DCs are known to be specialized antigen-presenting cells 
(APCs), which exist in virtually every tissue, capture antigens 
in situ, and migrate to lymphoid organs to activate naive T cells 
and play a key role in the induction of primary immune 
responses [14], As murine DCs are also known to be the 
producer of NO [15], we examined whether NO derived from 
DCs is a suppressive factor for the cellular immune responses 
in allogeneic mixed leukocyte reaction (MLR) stimulated by 
IL-12 in mice and humans. It is interesting that a high dose of 
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IL-12 suppressed nlloreactive proliferation of T cells in mice 
but enhanced it in humans. Furthermore, we found the high 
production of NO by murine DCs, whereas neither human 
CD34 + progenitor cell- nor monocyte-derived DCs produce a 
significant amount of NO even after stimulation with IFN»7 
and/or lipopolysaccharide (LPS) as well as MLR. These results 
suggest that immune responses mediated by IL-12 in mice are, 
at least in part* different from that in humans and that the 
suppressive effect of IL-12 on cellular immune responses 
might not be the case in humans. 



MATERIALS AND METHODS 
Reagents 

The culture media was RPMI 1640 supplemented with 10% heat-inactivated 
fetal bovine serum (FBS). 2 mM glutamine, 100 pgnnl streptomycin, 11)0 I Urn I 
penicillin, anil 5.5 X 10~ r * M 2-mercaptoethanol (all from Life Technologies, 
Crand Island, NY), referred to henceforth as complete medium (CM), The 
recombinant mouse «nd human (rmh)IL-12 was kindly provided by Dr. Mau- 
rice Cately (Hoffmann-taKoche, Nutley, NJ). The rmhlFN-7 was purchased 
from Boehringer Munnhttitn (Indianapolis, IN"). Specific activities were >5-0 X 
K/* L/mg and >2.0 X 10 r L/mg, respectively. N !; -nmik>methyl-Uiirginine 
(L*NMMA) and NO-generating agent S-nitroso-A'-acetyl-r^nicillamiM* (SNAP) 
were purchased from Sigma Chemical Co. (St. Imiis, MO). 

Cell lines and mouse strains 

KL-4 ami 1*815 were generous gifts of William H. Chambers (University of 
Pittsburgh* PA). These cell lines were maintained in CM as described previ- 
ously |7|. 

Female 0* to 8-week -old 05713176 mice wtsre purchased from Tueonic Farms 
(Gennantown, NY). Female 0* to 0-weetcold BALIVcj mice were purchased 
from the Jackson laboratory (liar Harbor. MK). These animals were used for all 
experiments at the age of 8-10 weeks old |7], _^ - 

Culture of mouse bone marrow (BM)-derived 
DCs 

BM-DC culture was obtained using methods described previously |16— 19|. 
Briefly, murine BM cells were harvested from the femur and tibia of killed 
mice. Contaminating erythrocytes were lysed with 0.83 M NH,Cl buffer, and 
lymphocytes were depleted with a cocktail of antilxxlie* (RA3-3A 1/6.1, anti- 
B220; 2,43. anti-Lyt 2; and CK 1.5. auli-l;iT4; all from American Type Culture 
Collection, Manassasi, VA) and rabbit complement (Accurate Chemical and 
Scientific Corp.* tt'estbury, NY) on day 0. These cells were cultured overnight 
in CM to remove; the adherent nmcmphages. and then nonadherent cells were 
pi wed in fresh CM containing rni granulocyte macrophage-culony stimulating 
factor (CM-CSF; 1000 t/ml) and nn!l.*4 (1000 t/mh Shering- Plough, Ken- 
ilsworth. NJ: DC media) on day 1. Cells were generally harvested mi day 6. 
DM -DCs were defined by morphology, phenotvpe, ami strong mixed lympho- 
cyte reaction -stimulating activity. Phenotypic analysis by flow cytometry 
showed a high expression nf CD11U Cl)1h\ CD80, CD86, as well as major 
histocompatibility complex class I and class II in the majority of the cultured 
cells (60-95%) |19|. These DCs were used for thv subsetfuenl experiments as 
immature DCs. 

Flow cytometry 

For phenotypic analysis of DCs. phyeoerythrin- or (luorescrin i s» it hi m-yti ha un- 
conjugated moitoclunal Ah (mAb) against murine and human cell-surface 
imileciiles|CDnkCDllc t CD80.CI)86.Cr-l. H-2K'\ I-A 1 ' for murine, CDU 
CD14, CD40. CD54. CDBU CDH6. hunmn leukocyte antigen (HLA)-A RC. 
HLA-DK. and appropriate fcoiype controls. «H from PharMingeii, San Diego, 
CA| were. used. DCs were stained and analysed on a FACScan using LYSIS II 
software (Dec ton Dickinson, Mmimin View. CA) as described previously 1 19|. 



Purification of human CD34 + progenitor cells 
from BM 

Human BM cells were harvested after informed consent. Mononuclear cells 
(MNC) were purified from human 15 M cells using density centrifugal ion with 
lymphocyte separation medium (l-SM; LUton Bionetics, Kensington, Ml)). 
These cells were applied for immunoaffinity column (CeIIPro% Inc*. Bothell, 
WA) after lysis of erythrocyte* to purify CIX14 + cells |20j. Purity of CD34* 
cells was more than 85%, as determined by flow cytometry. These CD34 + cells 
were frozen down in liquid nitrogen until used for DC generation. 

Generation of human CD34* progenitor 
cell-derived DCs 

On day 0, CD34 + cells (5X10* cells) were thawed and cultured in six-well 
plate* with cRPMI 1640 with CM-CSF (500 Uml). tumor necrosis factor a (50 
n^ml), stem cell factor (R&D Systems, Minneapolis, MN; 10 ng/ml), and 
follicular lymphoma (Iromunex. Seattle, WA; 50 ng/ml) as described previously 
121, 22], Half of the medium was changed, and the cells were split at 1:2 every 
3—4 days. On day 14, floating and loosely adherent cells were harvested and 
used as immature DCs. which were defined by morphology* phenotype, and 
strong mixed lymphocyte reaclion-stiniuluting activity. I^ese cells were highly 
positive for classes 1 and Jl, CDla, CD40, Cl>80, and CD86 (39-91%) and 
weakly positive for CD83 (15-25%) |2H|. 

Generation of monocyte-derlved DCs 

Leukocyte concentrates from healthy donors were tarvested after informed 
consent and separated into peripheral blood MNC (PBMC) by density gradient 
cenlrifugatiun in LSM. These celts were suspended at 1 X If/' cet Is/ml and 
cultured in six- well plates for 1 h. After being washed twice, the adherent cells 
were cultured with GM-CSK (500 Urol) and 11,-4 (250 U/ml) for 7 days to 
generate monocyte-de rived DCs J24-26J, 

MLR in mice and humans 

Splenocytes were harvested from B A LB/e mice (H-2 ,t ). T cells were purified by 
Tcell enrichment column (R&D Systems) after lysis of contaminating evyth- 
«K:ytes t The purity of T cells was &90%. T cells (2X10* cells) were cultured 
in %'Well plates with various numbers of BM-DCs irradiated with 1500 rad 
from C5715iy6 mice (H-2''), On day 3. 50 p.1 culture supematants were 
collected for measurement of NO and enzyme -linked immunosorl>ent assay 
(ELISA) of IFN-7. :! H-'Hrymtdine (TdR; 1 u-Cii ICN HadiochemicaJs, (^>sui 
Metia, CA) was pulsed for the final 18 h. the culture was terminated, and tlie 
incor|wralion of :l H-TdH was measured as previously reported |27|. 

Human PBMC were purified by density ventrifugution with 15M. T cells 
. were purified by a T cell enrichment column (R&D Systems) after lysis of 
contaminating erythrocytes (purity &90%>) |25|. 'Iliese T cells (2X1 0 A cells) 
were cultured in %*well plates with various numbers of allogeneic CD.'M* 
cellHleriveil DCs irradiated with 1500 rati for 5 days. s H-TdR incorixjration of 
the tractive T cells was measured as mouse MLR. 

Measurement of NO 

Human and mouse DCs were aii undated with I FN *y (1000 t/ml) and/or LPS 
(1 p,g/ml) for 48 h. Their supernalants were hatvested* and [SOJ prwluction was 
assessed using Ihe Criess method |28, 29 1. Briefly, aliquots of culture super- 
natanl (50 u,l) were incubatetl with 50 p.1 Criers reagent (1% sulfanilamide, 
0.1% miphthylethylenediamine dihydruchloride. 2.5% H^PO^ at room tcm- 
peralm* (WT) for 10 min. 'Hie absorhttner wns measured at 550 nm in an 
automated plate reader, 'fhe concentration Was determined with reference to a 
standard curve of sinlium nitrite. 

ELISA for mhlFN-7 

Hie concentration of I FN -7 was measured by KLISA (PhurMingen) |30|. 'Die 
lower limit of detection was 15.6 pg/tnl. Briefly* nucrotiter plates ivert* copied 
ovenn'ght with anti-mouse or human I FN mAIi at 4°C Tlie plates were then 
washed with phosphate-buffered saline (PUS) containing 0,05% Tween 20 and 
blocked with PUS containing 10% FBS at RT for 2 h. After wushing. the 
standawls and samples were added in the wells and incubated at RT for 4 h. 
The wells were then washed and incubated with the biutinylated second Ah at 
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Fig. 1 . The suppressive effect of 11.-12 on allogeneic 
MUt in mice. T cells. (2XI0 3 cells/well) were cul- 
tured with the indicated number of irradiated (1500 
rad) DCs for 4 days. The rmllv-1 2 (1 ng/ml) was added 
at the initiation of culture, ''H-TdH wa$ pulsed for the 
final 18 h. Data are presented as mean ± $D of 
triplicate culture. 



KT for 45 min. finally, the rtvidirvj -peroxidase tind 2,2'-azinobis(3-ethyl- 
l>en?,thia?:oline-6-8ulfonHte) substrate were added in the well, and the absor- 
bs nee at 490 nm was determined with an KIJSA plate reader (Titcrtek 
Multiscan, Mectcenheim. Germany). 

Generation of alloreactive CTL 

Mouse alloreactive CTL. were generated as described previously |31|. Briefly, 
splunocyles were harvested, and T cells were purified us described above. T 
cells {2XlO f ' cells) from BAI,B/ej mice (H-2* 1 ) were added in 24-well plates to 
irradiated (1500 rad) DCs (0.7X10* cells) from C57BIA» mice (H-Sft T 
cell: DC ratio=30). After 5 days culture. T cells were harvested, and their lytic 
activity was assessed Using a standard 4 h-*'Cr release assay against Kl.*4 
(H*2'')> The cytotoxicity of these alloreactive CTU against 1*815 (H-2'*) waa 
reproducibly less than 5%. 

Human alloreactive CXU were generated from perirenal blood lympho- 
cyte-derived T cells. T cell* (2X10*' cells) purified as. described above were 
cultured with allogeneic irrudintetl (1500 rail) DCs (6.7X10 4 cells) generated 
from CD34 1 cells for 5 days. The cytotoxicity of these stimulated T cells waa 
assessed for Hie same allogeneic DCs used us at t inula tors. These stimulated T 
celts did not show any cytotoxicity against autologous DCs generated from PBl. 
with CM-CSKantl ll^t. 

The cytotoxicity of alloreactive CTL 

'ITic cytotoxicity was determined using a standard 4 h* A, Cr release assay as 
described previously |26. 27J. In brief. 1(1" of each of llie turget cells waa 
labeled with 100 u,Ci.Na 2 M CrO., for 1 h. After washing twice, these effector 
and target cells were plated at tin impropriate eftectotrturgKl rut to in 00- we ll t 
round-bottom |>lates. The. supernatant (100 uJ) was collected after 4 h of 
incubation, and the radioactivity waa counted with h ^-counter. The |*ercenlttge 
of the specific lysis waa calculated using the following formula: % 8|>ccific 
lysis * 100 X (experimental re)cnse-s|wjntaneous re|eaae)/(maximal releaae- 
apontaneuus release). 

Statistical analysis 

Statistical analysis was performed using the unpaired two-ttttletl Stud chfs 
/-teat. 'Hie difference was considered significant when the P value was less 
than 0.05- 



RESULTS 

Exogenous IL-12 suppressed the primary 
allogeneic MLR mediated by DCs in mice 
but not in humans 

First* we tested the effect of IL-12 on the allogeneic MLR in 
mice and humans. There an; no detectable IL-12 p70 het* 
erodimers in mouse and human MLR in our system (data not 
shown), indicating that IL-12 is not mainly involved in allo- 
reactive CTL generation in mouse MLR as described previ- 
ously [32, 33]. It is interesting that the addition of exogenous 
IL-12 (1 ng/ml) suppressed MLR mediated by DCs in mice 
(Fig. 1). The dose dependence of IL-12-mediated suppression 
of MLR was confirmed in Figure 2 A, IL-12 of 1 pg/ml or more 
was effective in inhibiting MLR. These suppressive effects 
were clearly found when a high number of DCs (^3000 cells/ 
well) were used for MLR as a stimulator and when IL-12 was 
added at the initiation of MLR (data not shown). However, 
when human DCs and T cells were used fox MLR, IL-12 rather 
enhanced alloreactive T cell responses, consistent with previ- 
ous reports [34] (Fig. 2B). As it has been clearly demonstrated 
that IL-12 is one of the growth factors of T cells [1, 2], these 
suppressive effects of mouse MLR by IL-12 seem to be a result 
of the indirect effect of IL-12 through other factors induced in 
MLR. IL-12 is known to stimulate IFN-7 production in T and 
NK cells [I, 2], Therefore, we examined the production of 
IFN-7 in MLR as parallel experiments. As compared with the 
different effects of IL-12 on alloreactive T cell proliferation in 
mice and humans, IL-12 equally stimulated IFN-7 production 
in mouse and human MLR (Fig. 3), although the high number 
of DCs mediated the slight suppression of IFN-7 production in 
mice. These results suggested that the second factor induced 
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Rg. 2. Addition or 11,-12 inhibit* lh« generation of 
allogeneic MI.K in mice but not in humans. Murine 
(A) and human (IJJ T cells (2X10* cells/well) were 
cultured with tht: indicated number of irradiated 
(1 500 rad) DC< for 4 days, The various dose* of 1 1,-1 2 
were added ttl the initiation of culture. ^H-TdK was 
pulsed for the final 18 h. Data in MLH arc presented 
as mean ± $l> of triplicate culture. Similar results 
were obtained in three separate ex peri me nts. 
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Fig. 3. pruduclion in murine and human MI,R simulated by DCs a ltd 11,-12. Murine (A) and human (B) T cells (2x10 s cells/well) were cultured with the 

indicated number of irradiated (15<X) rod) DCs for <| days, 'Hie various doses of 11,-12 were added at the initiation of culture:, 'lite supernatant (50 u,l) was harvested 
beTum die addition of **H-TdH and for IKN-7 production with EIJSA as descnlmd in Materials and Methods. Data are presented as mean ± so of triplicate 

vulture. Similar ttunilta were obtained in three separate experiments. 



by IFN-*y might be responsible for the suppressive effects of 
IL-12 on mouse MLR. 

Addition of IFN-y suppressed the allogeneic 
MLR by DCs in mice, and L-NMMA completely 
reversed the suppressive effects of 

To clarify the mechanisms involved in IL~12-mediated sup- 
pression of MLR in mice, we next tested the effect of an 
addition of IFN-7 on MLR by DCs in mice. It is interesting that 
the addition of lFN-*y also suppressed the allogeneic MLR in 
mice (Fig* 4A). These effects were reproducibly observed 
when more than 10 U/ml IFN-7 was used. A recent report by 
Bonham et al. [15] showed that murine DCs, irrespective of 
their maturation stage, could produce NO in response to IFN-7 
and/or LPS as well as in the allogeneic MLR, In this report, NO 
was shown to be the mediator for DC apoptosis. However, 
previous reports refer to the importanl role of NO as the 



inhibitor of T cell proliferation (35-38], To examine whether 
NO played an important role in IFN-7-mediated suppression of 
mouse MLR, we tested the effect of an addition of L-NMMA, an 
inhibitor of NO synthase (NOS), As shown in Figure 4B, 
L-NMMA (0.5 mM) completely reversed the suppressive effect 
of IFN-7 on MLR. 

L-NMMA completely abrogated the suppressive 
effects of IL-12 on murine allogeneic MLR 

Next, the effect of L-NMMA on the IL-12-mediated suppres- 
sion of mouse MLR was examined. An addition of L-NMMA 
enhanced allogeneic MLR stimulated with a high number of 
DCs in mice, as previously reported [15] (Fig. 5). Furthermore, 
the addition of L-NMMA completely abrogated the IL-12- 
mediated suppression of mouse MLR (Fig. 5). IFN-7 produc- 
tion, which was induced by the addition of IL-12, was further 
enhanced by L-NMMA in mouse MLR/ In contrast, L-NMMA 



Fig. 4. Addition of I FN -7 inhibits the induction of alio- 
tjttneic Ml. It in mice, and l, : l\MMA abrogates \Ur lrA-7- 
mediated sur»|>w*sii>n of MI.K. TcelU (2x10'* cells/well) 
were cultured with the indicated number of irradiated DCs 
for 4 days. The various doses nl IKI\"7 were tulded ul the 
in iliulion of culture (A). 1,-NMMA (0.5 niM) wa« also 
added in MU< in it* presence of 1000 l/ml IKIV7 (11). 
Data in MI.K are presented ns mean i si> of triplicate 
vulture. Similar rmiltg were obtained in iwn sr|miule 
experimeitla. 
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Fig. 5. L-NMMA abrogates the IL-12-mediated sup- 
pression of mouse allogeneic MLR, but human alloge- 
neic MLR was not affected by the addition of L-NMMA. 
T cells (2X10* cells/well) were cultured with the indi- 
cated number of irradiated DCs for 4 day*. 1,-NMMA 
(0.5 mM) was added to the allogeneic M LR of mice and 
humans. IL-12 (1 ng/ml) was used in these experiments 
production in MLR wa* also assessed with 
KLISA. Data in MLR are presented as mean ± SI) of 
triplicate culture. Similar results were obtained in three 
separate experiments. 



did not produce any effect on the proliferation and IFN-7 
production in human MLR (Fig. 5). 

Murine BM~DCs but not human DCs can 
produce a significant amount of NO in 
response to various stimuli 

The data presented above, together With previous reports, 
.suggested that murine DCs produce NO in MLR. which inhib- 
its the growth of autoreactive T cells. We compared the pro- 
duction of NO by murine and human DCs. Figure 6 shows that 
a significant level of NO is detectable in mouse MLR but not 
in human MLR, and the addition of L-NMMA completely 
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to measure the NO production in MLR using the Criess method as described 
in Materials and Method*. Similar results were obtained in two separote 
rxperimenU. 



suppressed NO production in mouse MLR. Furthermore, IL-12 
markedly enhanced NO production in mouse MLR, whereas no 
detectable level of NO was found, even in the existence of 
exogenous IL-12 in human MLR. Next, we tested which cell 
population can produce NO in MLR. Table 1 shows that 
murine BM-DCs produce a significant amount of NO in re- 
sponse to IFN-7 and/or LPS, but human CD34 + cell- and 
monocyte-de rived DCs do not. In this experiment, T cells from 
neither mice nor humans produced a detectable level of NO 
(data not shown). These results suggest that NO produced by 
DCs might play an important role in the immune response in 
the mouse system, especially in the presence of IL-12, 

Effect of SNAP on murine and human MLR 

To rule out the possibility that human T cells were insensitive 
for NO, we examined the effect of addition of NO in' human 



TABLE 1, Murine BM-DCs but Not Human DCs Produce NO 
in Response to Various Stimuli" 



N0 2 " O&M) 



Treatment 


Murine BM-DC 


CD34 + -DC 


mo-DC 


Exp. 1 








Medium 


<1.0 


<1.0 


<1.0 


IFN-7 


1.33 ± 0.16'' 


<1.0 


<1.0 


LPS 


1.07 ± 0.07 


<1.0 


<1.0 


LPS + IFN-7 


26.03 ± 0.76 


<1.0 


<1.0 


Exp T 2 








Medium 


<1.0. 


<1.0 


<1.0 


IFN-7 


6.19 ± 1.71 


<1.0 


<1.0 


LPS 


24.22 ± 1.69 


<1.0 


<L0 


LPS + IFN-7 


86.85 ± 2.31 


<1.0 


<1.0 



rt Murine and human DCs (1X10* cells/well) were stimulated with IFN-7 
(1000 lYml) and/or LPS (10 \x$fw\) for 4b* h. 'Hie supernatant was harvested 
and used for measuring N0 2 ~ with Criess reaction (sensitivity > 1.0 p,M). 
A Data are mean £ SD of triplicate samples, mo, Monocyte. 
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Fig, 7* Kffect of addition of SNAP (NO donor) on murine and human MLR. T 
cells (2X10* cells/well) were cultured with irradiated (151)0 rad) DCs (1 XlO' 
cells/well) for 4 days. SNAP (250 u,M) w«j* added at (lit* initiation ur culture. 
'^H-TilR was pubed for the final IS h. Data «re presented as mean ± so of 
triplicate culture. *, / J < 0.0) as comptmnl with ihf. group wilhout SN AP: **. 
f* < 0.001 aft compared with the group without SNAP. 



activity was determined against EL-4 (H-2* 1 ) as compared with 
the control syngeneic target P815 (H-2 d ). Human alloreactive 
CTL activity was examined against allogeneic DCs used in 
MLR as compared with control, autologous DCs. As previously 
reported [34], IL-12 (1 ng/ml) significantly enhanced alloreac* 
tive CTL activity in human MLR, whereas we could not detect 
any enhancing effects of IL-12 on the generation of murine 
alloreactive CTL in vitro (Fig. 8); rather, IL-12 strongly in- 
hibited the allospecific CTL generation. It is interesting that 
the addition of LrNMMA to murine allogeneic MLR without 
IL-12 enhanced allospecific CTL activity. Furthermore, L- 
NMMA addition to murine MLR with IL-12 clearly overcame 
IL-12-mediated suppression of murine alloreactive CTL induc- 
tion, resulting in the generation of the highest alloreactive CTL 
activity among all the groups tested, The CTL activity induced 
by the treatment of L-NMMA + IL-12 was significantly higher 
than that of medium + L-NMMA. In this experiment, cytotox- 
icity against P815 was less than 5%, indicating strict allospeci- 
ficity of these CTL (data not shown). 



DISCUSSION 



MLR using SNAP as a NO donor [15]. The 250 u,M SNAP was 
added in murine and human MLR stimulated by DCs at the 
initiation of culture. As shown in Figure 7, the proliferation of 
murine and human T cells was significantly inhibited by the 
treatment with SNAP* indicating that murine and human T 
cells were NO-sensitive. 

IL-12 enhanced alloreactive CTL activity in 
human MLR, but L-NMMA is required to 
generate mouse allogeneic CTL in the 
presence of IL-12 in vitro 

Finally, we tested the effect of IL-12 with or without L-NMMA 
on alloractive CTL induction in mice and humans in vitro. As 
described in Materials and Methods, mouse allospecific CTL 



In this report, we examined the effect of IL-12 on the primary, 
allogeneic MLR mediated by DCs in mice and humans. It is 
interesting that the addition of a high dose of rmIL-12 sup- 
pressed allogeneic MLR and CTL induction in mice but en- 
hanced them in humans. An analysis of the mechanisms in- 
volved in the suppressive effect of IL-12 showed that NO 
played a critical role as an inhibitory factor for alloreactive T 
cell response by DCs only in mouse MLR. 

IL-12 is known to play an important role in promoting Thl 
differentiation and cellular immune responses. The numerous 
studies demonstrated the antitumor effects of IL-12, whereas 
the detail mechanisms remained unclear as a result of the 
complex effects of IL-12. The recent report by Andrews et al. 
[39] demonstrated that the antitumor effects of adenovirus 
expressing IL-12 (AdVmlL-12) were mainly mediated by the 



Fig. 8. IL-12 enhanced alloreactive CTL activity in 
human, but L-NMMA whs rwjuirrd fur (Ink enhance- 
ment of alloreactive CTL in mouse MLR with IL-12. 
Mous* T cells (2x10* cells) from BALbVcj mice 
(H-2* 1 ) were added in 24-well plates to irradiated 
(1500 rad) DCs (6.7X10 1 cells) fmtn C57RI76 mice 
(H-2 f ': T eel I: DC ratio- 30) in the presence ur ab- 
sence of IL-12 (1 ng/ml) with ur without L-I\MMA 
(0.5 inM). After 5 days vulture, T tells wen? har- 
vested for a 4 h.'^Cr release assay against EM 
(H-2b). Human alloreactive CTL were genitalia I from 
PBL-derived T cells. T cells (2X10*' veil*) were 
cultured with allogeneic irradiated (1500 rad) DO* 
(6.7X10** cells) generated from CDiW* projwnitor 
rdlt* in dm jittaeitee or absent? rjf IL-12 (1 ng/ml) for 
5 days. The cytotoxicity of these stimulated T <*eJU 
was assessed for the same allogeneic DCs a* the 
stimulators. Data are presented a* mean ± si) of 
triplicate culture. Similar results were obtained in 
tw*u separate experiments. 
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inhibition of angiogenesis, as intratumoral Ad Vm IL-12 treat? 
ment effectively regressed the established tumor even in im- 
mune-deficient mice, including CD4- or CD8*depleted, severe 
combined immunodeficiency. Beige, and RAG-2-, NKT-, 
CD28-, and perforin-knoekoul mice. Furthermore, Boggio et al. 
[40] also reported that 1L-12 prevented the spontaneous tumor 
development through anliangiogenic effects. Conversely, Hor- 
vath*Areidiacona et al, [41] reported the discrepancy between 
the inhibitory effects of tumor growth and CTL generation in 
IL-12-treated mice. They found that administration of 1L-12 in 
tumor-bearing mice eventually resulted in the rejection of 
tumors, but CTL activity was reduced despite the enhancement 
of serum IFN-^. Noguchi et al. [9] also showed that adminis- 
tration of a low dose of IL-12 (1 ng/mouse) enhanced CTL 
activity specific for the mutated p53 peptide (234 CM) and 
regressed the MethA tumor expressing it, whereas a high dose 
of IL-12 (100 ng/mouse) suppressed 234CM -specific CTL gen- 
eration. Orange et al. (10] also reported that the admini$tration 
of IL-12 decreased antiviral CTL activity in the LCMV infec- 
tion model. Furthermore, the report present etl by Piccotti et al. 
[11] demonstrated that IL-12 antagonism using anti-IL-12 Ab 
or IL-12 p40 homodimer exacerbated cardiac allograft rejec- 
tion in mice. Koblish et al. [13] recently elucidated the mech- 
anisms involved in IL-12-mediated suppression on cellular 
immune responses. They reported that NO produced by adher* 
ent cells in spleen was an important factor in the IL-12- 
mediated immune suppression, as a NOS inhibitor completely 
abrogated it [13]; whereas the concentration of NO was not 
measured. In this study, we confirmed and extended their study 
using allogeneic MLR stimulated by DCs and demonstrated 
thai murine DCs as well as macrophages were potential pro- 
ducers of NQ. Bonham et al. [15] and Lu et al, [42] also 
demonstrated NO production of murine BM-DCs and that 
L-NMMA enhanced allogeneic MLR when a high number of 
DCs were used [15, 42]. 

These results presented above support the possibility that 
IL-12 has the suppressive effects on allogeneic CTL generation 
by enhancing NO production. It is not surprising that NO 
suppresses the mitogenic activity of T ceils and development of 
allospecific CTLs* as the previous reports showed evidence that 
NO produced by macrophages was a suppressive factor of the 
proliferation of lymphocytes [43-45]. However, Piccotti et al. 
[46] verified the enhancement of allogeneic MLR in the pres- 
ence of IL-12. Bloom and Horvath [47] reported that IL-12 did 
not affect allogeneic MLR. These discrepancies between the 
previous reports and ours might be a result of the differences of 
stimulator used in MLR. BM-DCs were used in our experi- 
ments and splenocytes in the other as a stimulator. Splenocytes 
contain a DC population, but the percentage of DCs in the 
spleen is 1.0-1.6% [48], DCs are stronger stimulators in MLR 
when compared with splenocytes. Therefore, the stimulation by 
DCs might lead to a higher production of NO and the subse- 
quent suppression of MLR. As DCs but not other APCs are 
known to play a key role in the induction of primary immune 
responses [14], experiments with DCs seem to be more impor- 
tant to reflect the host immune response. Our data clearly 
demonstrated that NO is a suppressive factor presumably pro- 
duced by mouse DCs in MLR. In addition to the data of N0 2 ~ 
production, the blocking experiments with L-NMMA corrobo- 



rated the inhibitory effect of NO on mouse MLR. Furthermore, 
the treatment with L-NMMA clearly enhanced allogeneic CTL 
activity. These data suggest that the combined use of IL-12 and 
L-NMMA might be effective for treatment of tumors in mice. In 
fact* Koblish et al. [13] reported that inhibition of NOS function 
using L-NMMA enhanced IL-12-induced delay of SCK tumor- 
igenesis. Furthermore, as Gajewski and co-workers [49] re- 
ported, the use of a low dose of IL-12 might be better in 
combination with DC -based immunotherapy. 

In the present study, exogenous IFN*^ also suppressed 
allogeneic MLR, and the addition of L-NMMA abrogated IFN- 
7-mediated suppression. There are many controversial reports 
in which IFN-7 enhances or inhibits CTL generation. The 
recent study using mice with the IFN-7 gene knocked out 
showed that allospecific CTL activity of IFN-7 W ~ mice was 
higher than that of IFN* , y^ /+ mice, indicating that the exis- 
tence of IFN-7 somehow inhibits the generation of allospecific 
CTL [50]. As IFN-7 stimulates NO production, it is likely that 
these results might have been affected by the condition of NO 
production in culture. 

Conversely, exogenous human IL-12 has been reproducibly 
reported to enhance antigen-specific human CTL induction by 
DCs from CD8+ T cells in vitro [34, 39]. Chouaib et al. [34] 
showed that IL-12 was involved in human allogeneic MLR and 
the addition of rhIL-12-enhanced, allospecific CTL activity 
using a blocking experiment with ant i -human IL-12 antibody. 
Consistent with these results, we demonstrated in this report 
that IL-12 (1 ng/ml) enhanced allospecific CTL activity in 
humans. This difference between murine and human CTL 
induction by IL-12 was a result of the different production of 
NO* by DCs. The present study was the first report describing 
that human CD34* cell- and monocyte-de rived DCs did not 
produce a significant amount of NO in response to LPS and/or 
IFN-7 as well as in allogeneic MLR, 

These results suggest that NO production by APCs including 
macrophages and DCs is an important factor regulating the 
effect of IL-12 in mice. The combined use of L-NMMA might 
reverse the suppressive effects of IL-12 on the induction of 
CTLs in mice and more closely mimic immune responses 
mediated by IL-12 in humans. As NO induced by IL-12 in vivo 
is likely to be Jess in humans, the antitumor effect mediated by 
IL-12 via cellular immune responses might be expected in 
humans rather than in mice. 
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ABSTRACT 

The mixed lymphocyte culture (MLC) is an established clinical 
method for bone marrow transplantation, as it serves as an in vitro 
model for allogenic reaction and transplantation. We previously showed 
that cytokine release into the supernatant is a more specific and sensi- 
tive parameter for cross-reactivity in the MLC than the common mea- 
surement of cell proliferation. Therefore we tried to find an inhibitor of 
the MLC in vitro with the least side effects in vivo, measuring inter- 
feron (IFN)-Y as one °f tne most important cytokines in posttransplant 
medicine, Earlier studies showed that zinc is an important trace ele- 
ment for immune function with both stimulatory and inhibitory effects 
on immune cells. We found that slightly elevated zinc concentrations 
(three to four times the physiological level), which do not decrease 
T-cell proliferation in vitro nor produce immunosuppressive effects in 
vivo, suppress alloreactivity in the mixed lymphocyte culture. In this 
report we analyzed the mechanism whereby zinc influences the MLC 
to possibly find a nontoxic way of immunosuppression* 

Index Entries; Mixed lymphocyte culture (MLC); mixed lym- 
phocyte reaction (MLR); trace elements; zinc, 

INTRODUCTION 

The mixed lymphocyte culture (MLC) is a well-established and im- 
portant tool for determination of compatibility between host and donor 
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in transplantation medicine, as it serves as an in vitro model for allogenic 
reaction (1,2). It is common to measure T-cell proliferation in the MLC, but 
it was recently shown that cytokines are more specific and sensitive pa- 
rameters for the prediction of a possible graft rejection, as they play a criti- 
cal role in the posttransplant response (3-5), The THl-cytokine interferon^ 
(IFN-t) was identified as the most important factor within the cytokine 
cascade in the MLC (6). It is known to induce cytotoxic T4ymphocytes 
(CTL) (7) by enhancing the expression of both major histocompatibility 
complex (MHC) class I and MHC class II molecules (81 The IFN-y re- 
sponse mainly depends on HLA-DR differences and it therefore well rep- 
resents reactivity between two individuals in the MLC (9). 

In transplantation medicine, cyclosporin A, FK506, and other sub- 
stances are used to prevent graft rejection, In vitro experiments revealed 
an inhibition of the MLC (10), but, unfortunately, all of these immuno- 
suppressants show a wide range of toxicities in vivo, such as nephro- 
toxicity, neurotoxicity, and, probably, carcinogenicity (11-13). As we are 
beginning to understand the molecular mechanisms of cyclosporin A and 
FK506 function better and better, one of the major aims is to find similar 
substances with less toxicity 

Zinc within the physiological range (12-16 \xM) is an important trace 
element for immune function (14). Zinc deficiency in vivo could be linked 
to various clinical symptoms such as impaired immune response with re- 
gard to decrease in number, differentiation, and function of T-lymphocytes 
and natural killer (NK) cells as well as decreased activation of mono- 
cytes and phagocytosis by macrophages, resulting in a high incidence of 
bacterial, viral and fungal infections* These symptoms, in the most severe 
form shown in the hereditary disease acrodermatitis enteropathica caused 
by malabsorption of zinc, are completely reversible after adequate substi- 
tution of zinc (15)> On the other hand, high concentrations of zinc (about 
eight times the physiological level) led to cytotoxic effects with impair- 
ment of all T*cell functions, and inhibition of monokine induction by 
superantigens such as zinc is also important for the binding of some bac- 
terial superantigens to the (J-chain of the MHC class II molecule (16,27). 
Optimal immune-cell function hence requires a well-balanced zinc level 

In the following study, we investigated whether zinc is able to im- 
pair alloreactivity in the MLC at concentrations with neither cytotoxic 
effects in vitro nor toxic side effects in vivo. 

MATERIALS AND METHODS 

Preparation of Lymphocyte Cultures 

Peripheral blood mononuclear cells (PBMQ were isolated from buffy 
coats of healthy donors by density centrifugation over FicoU-Hypaque 
(Biochrom, Berlin, Germany), washed twice with phosphate-buffered 
saline (PBS, Gibco, Berlin, Germany) and resuspended in RPMI-1640 
medium (Biochrom) supplemented with 10% heat-inactivated fetal calf 
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serum (FCS, low endotoxin, myoclone quality; life Technologies, Eggen- 
stein, Germany), 2 mM i^glutamihe, 100 U/mL penicillin, and 100 Hg/mL 
streptomycin (all obtained from Biochrom, Berlin, Germany), Hie cells 
were adjusted to a final concentration of 2 x 10 6 cells/mL Equal volumes 
of cell suspensions of two donors were seeded in samples to a final vol- 
ume of 1 mL into pyrogen-free 24-weU culture plates (Falcon, Heidelberg, 
Germany), For controls, 1 mL of the adjusted cell suspension was cultured 
separately The cultures were incubated for 5 d at 37 P C in a 5% humidi- 
fied CQt atmosphere after addition of the appropriate amount of zinc 

Zinc Preparations 

Zinc sulfate (Sigma, Deisenhofen, Germany) was dissolved in sterile 
water to achieve a zinc stock solution of 10 mM This solution was fur- 
ther diluted in unsupplemented protein-free medium (FFM, Ultradoma, 
BioWhittaker) at a ratio of 1 to 2 and then sterile filtered. To achieve the 
final concentrations, PFM was used. The zinc solution was added to 
the cultures in a volume of 10% of the final culture volume. 

Determination of Cytokines 

The culture supernatants were harvested after 5 d and stored at -80*C 
The quantification of the cytokine release into the supernatant was per- 
formed by enzyme-linked immunosorbent assay (EUSA) technique (for 
D?N*Y provided by Bender Med Systems, Vienna, Austria). Results were 
measured in picograms per milliliter at 450 run using an EUSA plate 
reader (Anthos Labtec, Salzburg, Austria). 

Flow Cytometry 

Fropidium iodide (PI) staining was performed by using a stock solu- 
tion of 1 mg/mL (PI, Sigma). Cells (1 x 10 6 /mL) were incubated with 
10 fiL of PI stock solution for 20-30 min to allow intercalation of PI in 
double-stranded DNA. Finally, PI staining was measured at a wavelength 
of 620 nm in a flow cytometer (Coulter, Krefeld, Germany), 

Statistical Analysis 

The results are expressed as median values! The significance is taken 
by Student's f-test analysis. 



RESULTS 

Influence of Zinc on Mixed Lymphocyte Cultures 

We harvested the supernatants of zinc-supplemented mixed lympho- 
cyte cultures (MLQ on d 5, proven to be the maximum of the IFN*Y secre- 
tion (181 Analyzing IFN-y release in 20 MLC experiments supplemented 
with different concentrations of zinc, we found expected amounts of IFN- 
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Fig. 1. IFN-v secretion in the MLC after zinc supplementation. Zinc con- 
centrations up to 1 mM were added to mixed lymphocyte cultures; controls 
remained unsupplemented. Secretion of IFN-y in the culture supernatants was 
determined by EUSA after 5 d of culture > Median values of n = 20 experiments 
are expressed in picograms per milliliter. Significance was calculated by the Stu- 
dent's Mest (*p - 0.0017). 

Y (334 pg/mL) in the supernatant of control MLC without zinc addition, 
whereas increasing zinc concentrations led to a dose-dependent reduction 
of the EFN-Y level. At 60 nM, the IFN-y production was significantly dimin- 
ished (48 pg/mL, p = 0.0017); at 500 \xM, no iFNPy was detectable (Fig. 1). 

In order to prove our hypothesis that this result— that zinc concen- 
trations of 60 yM inhibit &e MLC — was the result of a specific effect in 
the MLC and not to a loss of T^cell vitality, we added 2inc concentrations 
of up to 5 mM to PBMC and measured cell viability by flow cytometry 
after an incubation time of 48 & Figure 2 shows that 93.2% of the cells 
are still vital after addition of 50 \xM zinc and 92.3% with medium sup- 
plementation of 100 \iM zinc compared to controls without zinc addition 
with 913% viability. Zinc concentrations as high as 250 \xM causes a 
reduction of cell survival of 33% (Fig* 2), 

For further analysis of possible mechanisms responsible for this inhi- 
bition, we preincubated PBMC with 50 \xM zinc for 20 min and then co- 
cultured these two populations in the MLC. The results reveal a marked 
influence of the point of time at which zinc is added to the culture: Prein- 
cubation of PBMC led to a greater reduction of IFN-y than simultaneous 
zinc supplementation to the MLC (Fig. 3). 

Discussion 

The human mixed lymphocyte culture (MLC) is an important method 
to test donor-recipient compatibilty in bone marrow transplantation It 
could be shown that cytokine release, especially IFN-7, has a very good pre- 
dictive value with regard to the transplantation outcome (3), as cytokines 
play a major role in the generation of an alloreactive immune response and 
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. Fig. 2. Viability of PBMC after zinc supplementation. Zinc concentrations 
of up to 750 |iM were added to unstimulated PBMC; controls remained unsup- 
plemented. Cell viability was determined by flow cytometry after an incubation 
time of 48 h. One representative experiment is shown, values are expressed in 
percent of the total cell population. 




controls MLC+Zn PBMC+Zn 

Fig. 3. Effect of preincubation of PBMC with zinc Zinc in a concentration 
of 50 HM was added to the MLC simultaneously (MLC + Zn); PBMC was prein- 
cubated with 50 \lM zinc for 20 min and then cocultured in a MLC (PBMC + Zn); 
controls remained unsupplemented. Medians of n = 10 experiments are pre- 
sented. Significance was calculated by the Student's /-test (*p » 0.01). 

for the induction of graft rejection in vivo (4Jil Taking this in vitro model, 
it has always been the aim to inhibit proliferation of immune cells in order 
to find a way to prevent graft rejection in transplantation medicine. Lare 
dolfo et al. inhibited T-ceB reactivity by the addition of anti-IFN-y both in 
vitro and in vivo (19); others showed a reduced graft rejection rate by 
repeated injections of monoclonal anti-IFN-Y antibodies in a skin-, heart-, or 
pancreas-tissue transplantation situation (20-22). 
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In vivo substances like cyclosporin A of FK506 are broadly applied, 
as they are capable of prolonging graft survival. In vitro, they show an 
inhibitory effect on T-cell proliferation in the MLC (10), Yet, all of these 
therapeutical agents cause major side effects (e.g., nephrotoxicity, neuro- 
toxicity, and others), which lead to a limitation of their use (11*43). 

Zinc is an essential trace element with great influence on immune 
function. The physiological plasma level of zinc ranges from 12 to!6 ^M. 
In our study we applied zinc concentrations up to 100 \xM, which can be 
reached by pharmacological application of zinc in vivo without causing 
side effects (231 

We found that zinc concentrations of 60 jiM, four times the physio- 
logical level, inhibit alloreactivity in the MLC. It is unlikely that the reduc- 
tion of IFN-y is the result of a loss of T-cell activity, as it could be shown 
earlier that T-cells are still able to proliferate in medium supplemented 
with zinc concentrations as high as 100 \iM (24). Furthermore, we ana- 
lyzed the viability of the PBMC by flow cytometry, showing that a con- 
centration of 250 \M is required to reduce cell viability by 33% (Fig. 2). 

Increased zinc levels of over 100 fiM cause unstimulated human 
PBMC to release cytokines (25). This stimulatory effect of zinc is only seen 
in the presence of accessory cells, especially monocytes, as mostly IL-1 
proved to be an essential cosignal for T-cell activation by zinc Higher con- 
centrations of zinc impair all T<ell and monocyte function by inhibition of 
the IL4 receptor type I-associated protein kinase (IRAK), thus blocking the 
intracellularsignal transduction pathway at a very early stage (24), 

In our study, we applied zinc in concentrations that neither show 
cytotoxic effects nor reach stimulatory level. Therefore, there seems to be 
a specific effect of zinc on the responding T-cells in the MLC. 

The results of earlier studies proposed an oligoclonal pattern of T-cell 
stimulation in the MLC similar to T-cell activation by superantigens (3), 
Furthermore, a highly altered VP repertoire of T-cells infiltrating long-term 
. rejected kidney allografts were disaibed (26). Superantigens bind directly 
and partially with high affinity to major histocompatibility complex (MHQ- 
dass II proteins, especially to HLA-DR. TCell activation is achieved by 
the formation of a complex of the Vf}~chain of the T-cell receptor (TCR), 
the MHC molecule, and the superantlgeru This binding is regulated by 
zinc, as zinc itself does not interact with the MHC molecule directly (27), 
We previously showed that the HLA-DR and HLA-DQ-molecules have 
the greatest influence on cytokine release in the MLC and thus on the out- 
come of a transplantation in vivo (9). 

There are two main possible explanations for the phenomenon de- 
scribed. First, zinc in the applied concentration could saturate the MHC 
and, therefore, prevent a binding between TCR and MHC. In order to 
prove this hypothesis, we preincubated PBMC with zinc and then cocul- 
tured these populations. If an extracellular mechanism were actually 
responsible for the inhibition of the MLC, we would expect no significant 
difference in IFN-Y secretion in either setting. Preincubation of PBMC 
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resulted in a markedly lower IFN-y secretion than the culture of two PBMC 
populations with simultaneous zinc supplementation to the MLC (Fig. 3), 
so that it seems more likely that zinc interferes with the intracellular sig- 
nal transduction in the MLC. Therefore, zinc may regulate the alloreactiv- 
ity of T<eils and might be an explanation for increased preterm delivery 
and abortion in zinc-deficient pregnant women (28,29). As mentioned ear- 
lier/ higher concentrations of zinc are able to block the intracellular signal 
transduction pathway by inhibition of IRAK. We propose that the stimu- 
lation of T-cells by an HLA-different cell population can be blocked by zinc 
via specific inhibition of phosphorylation processes/ leading to a dimin- 
ished signal transduction in the cell This results; among other things, in 
reduced secretion of cytokines/ which should lead to less graft rejection in 
vivo. Various protein kinases such as cAMP- and cGMP-dependent protein 
kinases as well as protein tyrosine kinases are involved in zinc-induced 
cell stimulation and zinc also influences gene expression of different im- 
munologically relevant transcription factors such as nuclear factor (NF>xB 
and metallothionein transcription factor (MTF-1) as well as others. Which 
alteration of signal transduction zinc exactly inhibits the MLC remains the 
subject of further investigation. Because the MLC is inhibited by very low 
zinc concentrations/ this inhibitory effect seems to be a specific pathway. 

In conclusion/ zinc could become an immunosuppressant in trans- 
plantation medicine without toxic side effects/ which still leaves the 
immune system with the ability for phagocytosis. The infection rate will 
therefore -be reduced compared to current immunosuppression. How- 
ever, this has yet to be proven in in vivo transplantation models. 
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